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Abstract

Metabolic Status Modulates Tumour Cell Sensitivity to

Apoptotic Stimuli
By Gareth Miles?!

MRC Toxicology Unit, University of Leicester, Hodgkin Building, PO BOX
138, Lancaster Rd, Leicester, LE1 9HN

Chronic lymphocytic leukaemia and mantle cell ymphoma (MCL) are resistant to
TNF Related Apoptosis Inducing Ligand (TRAIL), which induces apoptosis via
DISC-mediated activation of caspase-8, cleavage of Bid and activation of the
mitochondrial cell death pathway. Cancer cells preferentially utilise aerobic
glycolysis (‘Warburg effect’) for proliferative growth, and this is a potential
therapeutic target.

Using MCL-derived cell lines (UPN1 and Z138) the interplay between cancer cell
metabolism and cell death was investigated. From this study it was found that
active glycolysis appears to be critically required for the full execution of
programmed necroptosis. Furthermore, it was observed that 2-deoxyglucose
(2DG), a non-metabolisable glucose analogue and hexokinase inhibitor rapidly (0-
1h) enhances the sensitivity and potentiates the effects of TRAIL and ABT-737 by
inhibiting glycolysis. Extra-cellular flux analysis shows that 2DG rapidly inhibits
glycolysis, inducing metabolic reprogramming to transiently increase oxidative-
phosphorylation. Despite this increase in oxidative phosphorylation, ATP levels are
reduced to 50%, an effect which is maintained for up to 20 h. We now show that
the effects of 2DG are not restricted, solely to inhibition of glycolysis, and involve a
rapid activation of signalling cascades. Early activation of the AMPK pathway
produces a rapid inhibition of protein translation and decrease in the levels of the
anti-apoptotic protein Mcl-1, an effect which appears be independent of canonical
AMPK kinases LKB1 and CaMKK-B. Additionally, it was observed that cells
maintained in galactose media are extremely sensitive to drugs that induce
mitochondrial liabilities, however less sensitive to canonical inducers of apoptosis.
As such, mass spectrometry analysis of immunopurified mitochondria were
analysed to assess changes in the mitochondrial proteome following metabolic
reprogramming. This showed that expression of the proteins which make up the
mitochondrial oxidative phosphorylation system was up-regulated. Bioinformatics
pathway mapping demonstrated that galactose grown cells switched towards a
pro-survival phenotype.
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Chapter 1 Introduction

1.1 Cancer

Cancer is a blanket term for a plethora of highly invasive and aggressive related
diseases, in 2012 there was 14.1 million new reported cases of cancer globally,
and 8.2 million deaths (Ferlay et al., 2015). All cancers undergo uncontrollable
rapid growth and proliferation (hyperplasia and hypertrophy), that does not stop
and spreads into surrounding tissues and frequently metastasise to other areas of
the body; with increasing time the tumour cells become more abnormal, and do not
die when they should (reviewed in Evan & Vousden, 2001). They can originate
from genetic mutations as result of exposure to external agents/stimuli or from
inherited genetic lesions (reviewed in Stratton et al., 2009). Most cancers form
solid tumours, generating a large mass of poorly differentiated unspecialised
tissues that are highly resistant to chemotherapeutic approaches (reviewed in
Minchinton & Tannock, 2006). However, some cancers are ‘liquid’, for example
leukaemia’s and lymphomas of the blood, and do not form solid tumours. One such
cancer type is a non-Hodgkin’s lymphoma, mantle cell lymphomas (MCL), a
heterogeneous disease, which recently has been shown to develop from two
distinct molecular pathways, resulting in two different subtypes (Navarro et al.,
2012; Jares et al., 2012). The first and most common is characterised by the
acquisition of a genetic translocation t(11;14)(q13;932) in pre-B-cells in the bone
marrow. Upon maturation and entering the periphery lymphoid organs these cells
do not enter the follicular germinal centre; they have limited or no IGHV somatic
mutations and express SOX11, they are genetically unstable and result in an
aggressive cancer (Jares et al., 2012; Navarro et al., 2012). The second, rare
subtype, also harbour the t(11;14), however they overexpress CCND1 and harbour
many IGHV somatic hyper-mutations. This subtype is stable and can present as
asymptomatic for long periods of time. However, acquisition of additional mutations
(e.g. P53) results in the disease becoming extremely aggressive (Navarro et al.,
2012; Jares et al., 2012).

Regardless of subtype, MCL tends to be a disease of elderly individuals, and
presents one of the worst clinical outcomes for all ymphoma types — and remains
largely incurable (Ghielmini & Zucca, 2009). Following relapse there is no standard

of care in place and managing the disease is challenging; the current treatment
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decision is based on patient age and fitness (reviewed in Campo & Rule, 2015). In
the last decade cytarabine based therapies for younger patients have been used
and the front line therapy is R-HyperCVAD alternating with high-dose
methotrexate/cytarabine alternating with rituximab high-dose
methotrexate/cytarabine, these highly aggressive treatment regimens are often not
completed due to the age and frailty of the individuals (Campo & Rule, 2015).
There are currently 4 new drugs licensed for MCL across Europe and America,
namely, ibrutinib, bortezomib, lenalidomide and temsirolimus. Despite these new
drugs passing clinical trials and acquiring a licence for use, the percentage of
complete remission (CR) is still low; the highest is 21% for ibrutinib, while the CR
for temsirolimus is only 2% (Campo & Rule, 2015). Therefore, it is apparent that a
greater understanding of the pathways that regulate MCL and why they are so
resistant to chemo-therapeutics is required to overcome the drug-resistance in
order to develop more successful therapeutic strategies.

1.2 Apoptosis and necrosis

Apoptosis is an evolutionary conserved system for controlled cellular suicide and
was first described in a seminal paper in 1972 (Kerr et al., 1972). Apoptosis is a
non-inflammatory mode of cell death, which is distinct from necrosis which is
inflammatory (Rock & Kono, 2008). Cells undergoing apoptosis go through an
ordered sequence of events resulting in an altered morphology (Saraste & Pulkki,
2000). The cells shrink alongside pyknosis (irreversible condensation of
chromatin); from there they undergo membrane blebbing and karyorrhexis (the
fragmentation of the nucleus) (Saraste & Pulkki, 2000). These events result in the
‘budding’ of apoptotic bodies which contain cytoplasm and organelles; with and
without nuclear fragments, which are subsequently phagocytosed by
macrophages, parenchymal cells or neoplastic cells and degraded in
phagolysosomes (reviewed in Elmore, 2007). Apoptosis and mitosis function
together in equilibrium to tightly regulate the number of cells in multi-cellular
organisms (Topham & Taylor, 2013). Deregulation of this equilibrium results in a
number of adverse pathological conditions, for example, too much apoptosis
results in neurodegeneration or autoimmune diseases, while not enough leads to

the development of cancer (Topham & Taylor, 2013).
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Conversely, necrosis is an unstructured, un-programmed form of cell death that
results in an inflammatory response (Rock & Kono, 2008). Unlike apoptotic cells,
necrotic cells initially swell, a process referred to as oncosis (cell death by
swelling), which occurs concomitantly with the clumping of nuclear chromatin and
plasma membrane blebbing. Necrosis is the endpoint phenotype, whereby the cells
plasma membrane loses integrity and ruptures resulting in cytosolic spill-out into

the interstitial tissues resulting in inflammation (Majno & Joris, 1995).

1.3 Caspases

During apoptosis a vast array of morphological alterations occur and these cellular
changes are primarily mediated by proteins called caspases (Cysteine-dependent
aspartyl specific proteases) (reviewed in Parrish et al., 2013). The active site,
GACXG is a pentapeptide sequence common between all caspases where Xis R,
Q or G (Wilson et al., 1994; Fuentes-Prior & Salvesen, 2004). They function by
cleaving a plethora of cellular substrates by recognising a tetrapeptide site P4, P3,
P, and Py (Talanian et al., 1997; Thornberry et al., 1997; Stennicke et al., 2000).
Processing of caspase substrates can either inhibit or activate the target molecule.
Caspases involved in apoptosis have been classified into two distinct groups, these

being the initiator caspases and the effector caspases (Mcllwain et al., 2013).

1.3.1 Initiator caspases

Initiator caspases comprise caspases-8, -9 and -10, and they normally exist in the
cell as monomeric zymogens that contain a long N-terminal pro-domain (Donepudi
& Grutter, 2002). In the case of caspase-8 and caspase-10 the pro-domain
contains two death effector domains (DED’s), while caspase-9 contains a caspase
recruitment domain (CARD) (reviewed in Park, 2012). Initiator caspases
additionally contain a large subunit and small subunit (Figure 1-1). Following an
activation signal, they undergo proximity-driven dimerization and recruitment to
adaptor molecules at multi-protein activating complexes (Parrish et al., 2013;
Boatright & Salvesen, 2003). In the case of caspase-8, this alone results in
catalytically active caspase-8 molecules with a restricted substrate repertoire
(Hughes et al., 2009). Full activation of caspase-8 is achieved by autocatalytic
cleavage at both D374 and D384, resulting in an increased substrate repertoire
(Hughes et al., 2009).
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Figure 1-1 Initiator caspases. Caspase-8, -10 and -9 are present as monomeric zymogens in the
cell. They each contain a long pro-domain at the N terminus, which for caspase-8 and -10 has two
DEDs and for caspase-9 has a CARD domain. They all contain a large subunit (blue) and a small
subunit (green). In the case of caspase-8 these are separated by linker regions (black). These
proteins absolutely require dimerization and cleavage at their respective activating complexes for
full activation.

There are at least 8 isoforms of caspase-8 that have been identified and the most
abundant are caspase-8a (55 kDa) and caspase-8b (53 kDa) (Scaffidi et al., 1997).
Following activation of the extrinsic pathway by binding of death ligands to the
cognate transmembrane death receptor, caspase-8 is recruited to the death
inducing signalling complex (DISC) and activated, thus allowing the processing and
activation the executioner caspases (Hughes et al., 2009; Dickens et al., 2012a;
Parrish et al., 2013).

In addition to caspase-8, caspase-10 can also bind into the native TRAIL and
CD95 DISC via its N-terminal DEDs in a FADD dependent manner and process
executioner caspases (Kischkel et al., 2001). Caspase-10 has a similar structure to
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that of caspase-8 (Figure 1-1), and although it can bind into the DISC, it may not

be able to functionally substitute for caspase-8 (Sprick et al., 2002).

Caspase-9 is the initiator caspase of the intrinsic (mitochondrial) apoptotic pathway
(Wurstle et al., 2012). It is similar in structure to caspase-8 and caspase-10,
although instead of DEDs it has a CARD domain that allows it to bind into a
multiprotein complex called the apoptosome (Cain et al., 2002; Acehan et al.,
2002)

1.3.2 Executioner caspases

Executioner caspases includes caspases-3, -6 and -7 and exist as dimeric
zymogens under physiological conditions (Donepudi & Grutter, 2002). The
dimerization step is completed upon their synthesis; therefore activation requires
only minimal proteolytic cleavage in the linker region (Figure 1-2). The proteolytic
activity of executioner caspases is restrained by the short linker region that
connects the small and large subunits in the catalytic domain (Parrish et al., 2013).
Processing of the linker region by initiator caspases, results in a conformation

change favouring exposure of the executioner caspases active site (Boatright &

Pro-domain Large subunit Small
subunit
«—> <« >
N - ' Pro p17 I p12 c
Caspase-3 32 kDa
C-1 RS ] p17 Pro‘ -N
< p20 —
) p19 >
N - ’ Pro p20 I p11 c
Caspase-7 35 kDa

C- p11 I p20 Pro ‘ -N

Figure 1-2 Executioner caspases. The executioner caspase-3 and -7 are formed as inactive
dimers. Proteolysis by the initiator caspases in the linker region (black) results in full activation and
subsequent initiation of apoptosis. They contain a short pro-domain (red), a large subunit (blue) and
a small subunit (green).
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Salvesen, 2003). Caspase-3 is a 32 kDa protein which has a short pro-domain and
two subunits, the large p17 and small p12 (Figure 1-2). It was first identified by
sequence homology to the Ced-3 (caspase in the nematode worm) (Fernandes-
Alnemri et al., 1994) and subsequently recognised as being a critical caspase in
the disassembling of the cell in 1995 (Nicholson et al., 1995). Caspase-7 is a 35
kDa protein that is also synthesised as a dimeric zymogen (Riedl et al., 2001). It
contains a short pro-domain with the large p20 and small p11 subunits (Figure 1-2)

and is processed in the same way as caspase-3 (Riedl| et al., 2001).
1.4 Apoptotic pathways

1.4.1 Intrinsic apoptotic cell death

The intrinsic or mitochondrial cell death pathway leads to apoptosis by activation
from a plethora of stimuli, which include: DNA Damage; genotoxic stress; viral
infection; cytokines, survival and growth factor withdrawal (Tait & Green, 2010). In
addition to this, chemotherapeutic drugs have been specifically designed to
activate the intrinsic cell death pathway, for example, the clinically relevant ABT-
263 (Davids & Letai, 2012). These stimuli result in cellular stress that disrupts the
balance of mitochondrial associated pro- and anti-apoptotic proteins (reviewed in
Billard, 2013). A super-family known as the Bcl-2 family of proteins, comprise a
range of proteins that can be classified into three main categories, these being the
anti-apoptotic; pro-apoptotic and BH3 only proteins (reviewed in Shamas-Din et al.,
2013). Anti-apoptotic proteins comprise: Bcl-2; Bcl-x,; Mcl-1; Bcl-w; Bcl-b and Bcl-
2A1 (Youle & Strasser, 2008). Pro-apoptotic Bcl-2 family proteins consist of: Bax;
Bak and Bok; it is Bax and Bak that appear to be critical for initiating mitochondrial
outer membrane permeabilisation (MOMP) (Youle & Strasser, 2008). The third
class; BH3 only proteins, is the largest class, which are also pro-apoptotic in
function, this class consists of: Bid; Bad; Bik; Hrk; Bim; Bmf; Noxa and Puma (see
Figure 1-3) (reviewed in Happo et al., 2012). These proteins possess a conserved
BH3 domain and they function to regulate the activity of anti-apoptotic Bcl-2 family
members (reviewed in Happo et al., 2012). Under normal cellular conditions, anti-
apoptotic Bcl-2 proteins bind to Bax and Bak and repress their pro-apoptotic
activity. In the presence of cellular stress however, BH3 only proteins de-repress
Bax and Bak by sequestering/inhibiting anti-apoptotic Bcl-2 family proteins (Youle
& Strasser, 2008)
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BH3 only Bcl-2 family proteins
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Multi-domain pro- and anti-apoptotic Bcl-2 family proteins
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Figure 1-3 Bcl-2 family members and their respective binding partners. A) BH3 only Bcl-2
family members only contain the BH3 and transmembrane (TM) domains, while all other Bcl-2
family members contain BH1-4. B) All anti-apoptotic Bcl-2 family proteins can bind to Bax, while
only Bcl-x,, Mcl-1 and Bcl-2A1 can bind to Bak. C) Bim, Puma and tBid can engage all anti-
apoptotic Bcl-2 proteins, while Bad and Noxa appear to have specific binding affinities. Schematic
modified from Czabotar et al., 2014
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There are currently two models of intrinsic apoptosis induction; the direct activation
model, which proposes that certain BH3 only proteins, namely, tBid, Bim and Puma
directly engage and activate Bax and Bak resulting in Bak/Bax oligomerisation
(Letai et al., 2002; Kuwana et al., 2005; Certo et al., 2006). Other BH3 only
proteins that do not possess this direct action binding affinity are called sensitisers
(such as Bad), and in the direct model of activation function to dissociate anti-
apoptotic Bcl-2 members from direct BH3 activators, thus liberating them for
engaging Bak/Bax and subsequent engagement of MOMP (Figure 1-4) (reviewed
in Czabotar et al., 2014).

In the second indirect model of activation, anti-apoptotic Bcl-2 proteins sequester
Bak and Bax (Chen et al., 2005; Willis et al., 2005; Willis et al., 2007). This model
proposes that BH3 only proteins bind to the anti-apoptotic proteins, thus liberating
Bak to ‘spontaneously’ permeabilise the outer mitochondrial membrane; also
freeing Bax to subsequently translocate to outer mitochondrial membrane and also
induce MOMP (Figure 1-3) (reviewed in Czabotar et al., 2014).
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Figure 1-4 Models of intrinsic apoptosis. In this scheme, modified from Czabotar et al., 2014,
there are three models. A) The direct activation model states that BH3 activator proteins (denoted
as A in red) directly activate Bak and Bax. Activator BH3 only proteins are sequestered by anti-
apoptotic Bcl-2 family members, and can be liberated from this association by the sensitiser BH3
only proteins (denoted as S in red) by sequestering the anti-apoptotic proteins thus freeing the
activators to initiate apoptosis. B) The indirect activation model stipulates that Bak and Bax are
already primed for apoptosis induction, and thus the anti-apoptotic proteins must bind to them
inhibiting MOMP. In addition, anti-apoptotic proteins also bind to the BH3 only proteins. In this
model it is the ratio of anti-apoptotic versus BH3 proteins that determines if apoptosis is engaged.
The more BH3 only proteins to sequester the anti-apoptotic proteins the more likely Bax and Bak
will be free to oligomerise and initate MOMP. C) The unified model hypothesises that both A and B
occur together, the anti-apoptotic proteins sequester and inhibit the BH3 only proteins, Bak and
Bax, but additionally, certain BH3 only proteins when freed will directly activate Bak and Bax.

However, there is currently a lot of discussion about the probability that the two
models are not mutually exclusive, and in fact, in certain circumstances, both
models may apply, this is referred to as the unified model (LIlambi et al., 2011),
whereby anti-apoptotic Bcl-2 proteins have to sequester both BH3 only proteins,
Bax and Bak.

In essence, apoptotic stimulus results in Bax/Bak oligomerisation at the OMM,
initiating the permeabilization of the OMM (Figure 1-5). This subsequently results in
the release of soluble apoptogenic molecules from the mitochondrial inter-
membrane space (IMS) into the cytosol (Huttemann et al.,, 2011). One such
molecule, Cytochrome c, when released, results in the energy dependent

oligomerisation of apoptosis protease activating factor-1 (Apaf-1), producing a

17 |Page



Chapter 1 Introduction

heptameric protein ring called the apoptosome (Cain et al., 2002). The
apoptosome complex binds to monomeric caspase-9 resulting in cleavage and
formation of a holoenzyme complex that facilitates caspase-9 dimerisation and
activation (Renatus et al., 2001). Active caspase-9 then cleaves and activates
executioner caspase-3 and caspase-7 to promote apoptosis. At this stage,
apoptosis can be inhibited by X chromosome-linked inhibitor of apoptosis (XIAP), a
protein that can bind to processed caspases-3, -7 and -9 by a two-site binding
mechanism (reviewed in Berthelet & Dubrez, 2013). Binding of XIAP to caspases
not only inhibits their enzymatic activity but can induce K48 ubiquitination of
caspase-3, thus targeting it for proteasome degradation (reviewed in Marivin et al.,
2012). To ensure caspases are not inhibited by XIAP, negative regulators of IAPS
are released during MOMP from the IMS into the cytosol. SMAC and OMI bind to
IAPS to positively regulate caspase activity (Martins et al., 2002).

1.4.2 Extrinsic apoptotic cell death

An alternative apoptotic pathway is the extrinsic or death receptor pathway (Figure
1-5) (reviewed in Dickens et al., 2012b). This pathway is mediated by the Tumour
Necrosis Factor (TNF) Superfamily, which currently consists of 27 ligands and 29
receptors in humans (reviewed in Bremer, 2013). Initiation of the extrinsic pathway
results from extra-cellular binding of a ligand such as TNF-related apoptosis
inducing ligand (TRAIL) to its cognate pre-associated homotrimeric extra-cellular
transmembrane death-receptor (Holoch & Griffith, 2009). TRAIL is a type Il
transmembrane protein, which is cleaved from the cell membrane by
metalloproteases (Walczak & Haas, 2008). Upon processing, the solubilized TRAIL
forms homotrimers by interactions through their extracellular domain. TRAIL can
bind to one of five receptors, known as: TRAIL-R1, -R2, -R3, -R4 and
Osteoprotegerin (OPG) (MacFarlane et al., 1997; MacFarlane, 2003).

It is only through binding to TRAIL-R1 and TRAIL-R2 that apoptosis is initiated
(Holoch & Griffith, 2009). TRAIL-R3, -R4 and OPG are considered decoy
receptors. Binding of TRAIL to the cognate homotrimeric receptors results in a
conformational change on the intracellular face of the receptor, revealing the
receptors’ intracellular death domain (DD) (Holoch & Griffith, 2009). The exposed
DD facilitates homotypic binding of adaptor molecule Fas-associated death domain
(FADD) to the receptor.
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Caspase-8 can then be recruited to this scaffold by binding to FADDs’ N-terminal
death effector domain (DED) with its own, where chains of caspase-8 form
(Dickens et al., 2012a). This protein complex is referred to as the Death Inducing
Signalling Complex (DISC) (Kischkel et al., 1995). As mentioned previously, this
death complex orchestrates caspase-8 dimerisation and pro-domain processing to
release active caspase-8 dimers which cleave and activate effector caspases-3
and -7. In addition to this, the extrinsic cell death pathway can cross-talk with the
mitochondrial pathway by caspase-8 mediated cleavage of Bid to tBid (Li et al.,
1998; Luo et al.,, 1998). Bid is a BH3 only protein that is post-translationally
activated by cleavage, and promotes apoptosis by avidly binding to Bcl-x,, Bcl-w,
Bcl-2A1 and Mcl-1; which subsequently leads to activation of Bax and Bak, thus
resulting in permeabilization of the OMM, this process is referred to as the

mitochondrial amplification loop (Youle & Strasser, 2008)

1.4.3 Necroptosis

Apoptosis was once considered the sole form of programmed cell death, however
recent evidence suggests that certain types of necrosis are also tightly regulated
processes, an example being ‘necroptosis’ (Han et al., 2011). Necroptosis is
thought to be an evolutionary conserved back-up mechanism, used to clear viral
infections that can inhibit caspase-dependent apoptosis (Cho et al., 2011; Kaiser et
al., 2013). Necroptosis is signalled through the necrosome, a multi-protein complex
which contains receptor interacting protein-1 and -3 kinase (RIPK1 and RIPK3) (Li
etal., 2012) and the RIPK3 downstream target, mixed lineage domain-like (MLKL)
protein (Sun et al., 2012; Zhao et al., 2012). RIPK-3 and MLKL are critically
required for the engagement of necroptosis, although the mechanisms by which
MLKL engages cell death is still unknown (reviewed in Linkermann & Green, 2014)
(Figure 1-6). The necrosome is formed if caspase-8 is inhibited and cannot cleave
and inactivate RIPK1 and RIPK3, thus allowing necroptosis to proceed in certain
cell lines instead of apoptosis (Han et al., 2011). Activation of necroptosis results in
oncosis, and this leads to the rupture of the plasma membrane (necrosis); which
appears to be mediated by the oligomerisation of activated MLKL proteins targeted
to phosphatidyl inositol phosphates (PIP’s) at the lipid rafts at the inner leaflet of
the plasma membrane resulting in its permeabilisation and leakage of PIP

containing liposomes (Dondelinger et al.,, 2014). It is clear that necroptotic
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signalling induces ionic fluxes across the plasma membrane, but whether this
process is additionally dependent on plasma membrane channels is controversial.
However, recent reports have shown that necroptosis induces an influx of Ca®*
ions (Cai et al., 2014) and Na" ions and efflux of K* (Chen et al., 2014), and that
these events precede the incorporation of propridium iodide into the cell’'s DNA,
which requires the loss of plasma membrane integrity (reviewed in Galluzzi et al.,
2014).

TRAIL-R1/2

Caspase-8

A /

Figure 1-6 TRAIL-induced necroptosis. Inhibition of caspase-8 (by zVAD.fmk) results in the
formation of the necrosome. This allows MLKL to oligomerise at the plasma membrane and induce
cell-death through unknown mechanisms

1.5 Cancer metabolism

Otto Warburg first described a phenomenon whereby tumour cells forgo
energetically favourable oxidative phosphorylation and instead utilise aerobic
glycolysis, this process was subsequently termed the ‘Warburg effect’ (Warburg et
al., 1927; Warburg, 1956). There are many hypothesised reasons for the
occurrence of the Warburg effect in tumourigenesis, and it is likely that many, if not
all these suppositions are in fact correct. For example this phenomenon benefits
the tumour microenvironment and may be a functional consequence of spatial

heterogeneity in oxygen and nutrient availability within a solid tumour (reviewed in
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Cantor & Sabatini, 2012). Cells residing on the outer portions of a tumour mass are
spatially nearby existing vasculature and therefore have high accessibility to
supplies of oxygen and nutrients, thus may undergo oxidative phosphorylation
(Kianercy et al., 2014). In contrast, tumour cells in the centre of the tumour proper
are likely to be further away from vasculature if the process of angiogenesis and
vasculogenesis has not occurred, and are therefore likely to display a glycolytic
phenotype (reviewed in Boroughs & DeBerardinis, 2015). However, an alternate
model proposes that there may be a symbiotic metabolic relationship between
neighbouring tumour cells (Kianercy et al., 2014). For example, hypoxic cells in the
interior of the tumour proper may produce lactate through glycolysis, which is
excreted and delivered in trans to adjacent tumour cells growing under normoxic
conditions, and this lactate can be utilised for increased oxidative phosphorylation
(Bensinger & Christofk, 2012; Boroughs & DeBerardinis, 2015).

The Warburg effect is considered a hallmark of cancer (reviewed in Hanahan &
Weinberg, 2011; Hsu & Sabatini, 2008), and is vitally important for rapid tumour
cell growth and proliferation. During rapid proliferation, cells produce increased
amounts of reactive oxygen species (ROS) that can damage macromolecules,
induce senescence and cause apoptosis (reviewed in Cairns et al., 2011).
Increased glucose metabolism has a two-fold benefit under these conditions,
conversion of glucose to glucose-6-phosphate (G6P) is directed into the pentose
phosphate shunt pathway (PPP) producing an increase in the production of: ribose
sugars; glycerol and non-essential amino acids (Patra & Hay, 2014). Secondly, for
every three G6P that enters the PPP, five: ATP, NADH and pyruvate are produced
and importantly six nicotinamide adenine dinucleotide phosphate’s (NADPH) are
produced (reviewed in Tennant et al., 2010) (Figure 1-7). NADPH is not only
crucial for macromolecular biosynthesis, but serves as an antioxidant to protect
against the aforementioned increased ROS levels (Gorrini et al., 2013). Therefore
high glycolytic flux functions to support tumour cell proliferation and protect from
increased ROS, by the shunting of carbons to key subsidiary biosynthetic

pathways (reviewed in Cairns et al., 2011)

This enhanced demand for glucose is used diagnostically, where 2-deoxy-2-
(*®F)fluoro-D-glucose (FDG), a non-metabolisable glucose analogue is used in
FDG-PET scanning to visualise tumours (Gambhir, 2002). This increased
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Figure 1-7 Sugar metabolism. Cancer cells preferentially utilise aerobic glycolysis, although this
generates less ATP than mitochondrial oxidative phosphorylation, it allows the cells to generate
macromolecular precursors and reducing equivalents through the oxidative arm of the PPP (right
panel, yellow) in the form of NADPH to help protect against excessive levels of ROS. Additionally,
high glycolytic flux results in increased lactate excretion from the cell (bottom pink panel), thus
generating an acid tumour microenvironment generating numerous survival advantages. Galactose
can be metabolised in the absence of glucose (top left yellow panel), however this does not
generate any ATP and so the carbon flux through glycolysis is instead diverted in to the
mitochondrial TCA cycle (bottom left) instead of to lactate production.
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glucose uptake is normally correlated with a more aggressive cancer phenotype
and a poor prognosis (reviewed in Gillies et al., 2008). As many malignancies
require increased levels of glucose, there has been a huge effort to therapeutically
target the pathways that alter tumour cell metabolism (Vander Heiden, 2011; Zhao
etal., 2013; Tennant et al., 2010). The types of therapeutic approaches have been
divided into two categories, direct and indirect inhibition of tumour cell metabolism
(reviewed in Tennant et al., 2010). Briefly, indirect inhibition of tumour metabolism
denotes an approach whereby cell signalling pathways that regulate metabolism
are targeted therapeutically. Increased glycolytic flux is regulated by the following
proteins/pathways: Hypoxia inducible factor (HIF); p53, Myc, PI3K/Akt pathway and
the AMPK/LKB1 pathway. The roles of the latter two pathways in cancer cell
metabolism are discussed in section 1.8. Direct inhibition of tumour metabolism,
refers to directly targeting metabolic enzymes themselves, for example by blocking
hexokinase with either: 2-deoxyglucose (2DG), Lonidamine or 3-bromopyruvate.
The aim of these therapeutic strategies is to induce caspase-dependent apoptosis
(reviewed in Tennant et al., 2010; Vander Heiden, 2011).

There are many studies which have shown that glucose deprivation alone can
induce cell death. For example, glucose deprivation can strikingly result in a
caspase-8-dependent form of cell death that is not dependent on death receptor
interactions in Bak/Bax double knockout MEFs and Hela cells (Caro-Maldonado et
al., 2010). However most studies have shown that glucose deprivation induces
caspase-dependent apoptosis. Dividing lymphocytes are critically sensitive to
glucose deprivation, and this is the result of upregulated Noxa expression, which
inhibits Mcl-1 anti-apoptotic activity (Alves et al., 2006), Additionally, the
immortalised murine bone marrow-derived cell line, BAF-3 undergoes caspase-
dependent apoptosis following glucose deprivation (Gonin-Giraud et al., 2002) as
do the murine pro B cell line, FL5.12 (Vander Heiden et al., 2001). It has also been
shown that the multidrug-resistant breast carcinoma cell line MCF-7/ADR
undergoes apoptosis following glucose deprivation (Lee et al., 1997). Glucose
deprivation induces Puma-dependent apoptosis in activated primary T lymphocytes
(Zhao et al., 2008), and apoptosis inducing factor (AIF) and caspase-3-dependent
apoptosis in acute T cell leukaemia cells as the result of increased reactive oxygen

species (Mendivil-Perez et al., 2013).
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It should also be noted that normal human cells also appear to be sensitive to
glucose deprivation-induced cell death in vitro, for example, the normal human
diploid lung fibroblasts and human foreskin fibroblasts undergo apoptosis following

glucose deprivation (Yuneva et al., 2007)

As discussed, tumour cells display increased rates of glycolysis which is critical for
their rapid proliferation and resistance to traditional therapies, and provides many
therapeutic windows for killing or sensitising tumour cells, some of which are

discussed below.

1.5.1 Inhibitors of GLUT’s

Glucose deprivation in vitro as well as caloric restriction in vivo has shown potential
promise as a means of targeting cancer (reviewed in Zhao et al., 2013). The
caveat to this approach is that glucose deprivation studies in vitro cannot be
exactly replicated in a physiological environment within an individual. Instead, it
may be possible to therapeutically target glucose metabolism by either inhibiting
glucose uptake or inhibiting glucose metabolism. Malignant transformation
frequently results in the upregulation of plasma membrane glucose transporters 1-
4 (reviewed in Medina & Owen, 2002). The glucose transporter family consists of
25 members, 11 are sodium-dependent transporters and the remaining 14 are
sodium-independent (Joost & Thorens, 2001; Joost et al., 2002). This up-regulation
and increased surface expression is a result of altered oncogenic signalling such
as hyper-activated Akt signalling (Barthel et al., 1999; Samih et al., 2000; Kim et
al., 2007) or HIF-1a activation (Hu et al., 2003; Yasuda et al., 2008). The resultant
effect being that cancerous cells have a much higher capacity to uptake glucose
for hyperplasia, and this appears to confer resistance to chemotherapeutics.
Increased GLUT expression levels can be targeted in vitro with GLUT inhibitors,
the hypothesis is that it should mimic the effects of glucose deprivation, and
therefore result in the same apoptotic/sensitisation effects to traditional therapies
as previously described. Phloretin, a naturally occurring compound found in apples
and pears which competitively inhibits glucose transporters and has been shown to
reverse hypoxia-induced daunorubicin resistance in colon adenocarcinoma SW620
cells and myelogenous leukaemia K562 cells (Cao et al., 2007). Additionally,
phloretin has been shown to induce apoptosis as a single agent in HepG2 cells

(Wu et al.,, 2009), however this was reversed by pre-treatment with high
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concentrations of glucose (100 mM). Importantly, HepG2 SCID mice showed
reduced tumour volume following phloretin treatment alone (Wu et al., 2009). The
high levels of glucose required to out compete phloretin are not physiological and
therefore may be a potentially viable therapeutic strategy. An additional small
molecule inhibitor of glucose transporters, WZB117 has also been shown to induce
cell death in vitro and in vivo in lung cancer models, however the mode of cell
death appeared to be necrosis, likely due to depletion of cellular ATP (Liu et al.,
2012).

1.5.2 2-deoxy-D-glucose-mediated inhibition of glycolysis

Following entry of glucose into the cell through GLUTS, glucose is metabolised by
glycolysis. The first step in glycolysis is the irreversible phosphorylation of glucose
to glucose-6-phosphate by hexokinase, trapping G6P in the cell. G6P has three
potential fates: (i) conversion to glucose 1-phosphate, (ii) conversion to fructose 6
phosphate following the glycolytic pathway or (iii) conversion to 6-
phosphoglucolactone via shunting into the oxidative arm of the pentose phosphate
pathway (Jiang et al., 2014). Following either ii or iii generates survival advantages
for cancer cells in the forms of increased ATP or production of NADPH and
macromolecular precursors, respectively (Jiang et al., 2014). If hexokinase can be
inhibited, then flux through both glycolysis and the PPP can be inhibited. This will
result in the reduction of ATP regeneration, a lack of reducing equivalents; ribose
sugars for nucleic acid synthesis and a diminished antioxidant capacity. There are
currently three well described inhibitors of Hexokinase, these being 2-deoxy-D-
glucose (2DG), 3-bromopyruvate and lonidamine, the latter specifically targeting
hexokinase bound to mitochondria (Oudard et al., 1995).

2DG is a glucose analogue that can be phosphorylated by hexokinase into 2-
deoxyglucose-6-phosphate (2DG-6-P) which cannot be further metabolised, as
such the build-up of 2DG-6-P results in allosteric inhibition of hexokinase (Sols &
Crane, 1954; Newsholme et al., 1968). For many years 2DG was used as a
glucose deprivation mimetic, however recent studies from our laboratory have
shown that they can produce opposing effects on sensitisation to apoptotic
inducers (Robinson et al., 2012; MacFarlane et al., 2012). Nevertheless, the effects
of 2DG on tumour cell killing have been studied in detail. Certain cell lines cultured
in normoxia are sensitive to 2DG-induced cell killing as a single agent through
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inhibition of N-linked glycosylation (Kurtoglu et al., 2007). Active glycolysis and
subsidiary catabolic carbon pathways emerging from glycolysis are required for N-
linked glycosylation of proteins. Metabolism of glucose results in the generation of
mannose-6-phosphate by phosphomannose isomerase, which is subsequently
converted to mannose-GDP which is required for the formation of N-linked
oligosaccharides; conversion of 2DG to 2DG-GDP competes with mannose-GDP,
and results in generation of aberrant oligosaccharides and the disrupted synthesis
of glycoproteins (Zhang et al., 2014). This results in the activation of the unfolded
protein response and subsequently leads to ER stress and cell death (Ramirez-
Peinado et al., 2011), other studies have also shown that 2DG inhibits N-
glycosylation of proteins, disrupting ER/protein integrity, thus leading to
endoplasmic reticulum stress and the unfolded protein response (Xietal., 2011; Xi
et al., 2013; Yu & Kim, ).

Certain cell lines cultured in normoxia are sensitive to 2DG-induced cell killing as a
single agent through regulation of Bcl-2 family members (Zagorodna et al., 2012).
However, 2DG largely appears to have little efficacy as a single agent, but many
studies have looked at combining it with other agents, and it appears to synergise
with a plethora of therapeutics. Metastatic melanoma lines show increased
sensitivity to cisplatin and staurosporine when treated in combination with 2DG
(Giammarioli et al., 2012). Prostate cancer lines become sensitive to metformin
when treated in combination with 2DG (Ben Sahra et al., 2010). TRAIL-induced
apoptosis is enhanced by 2DG in leukaemic cells (Robinson et al., 2012) and
melanoma cells (Liu et al., 2009; Qin et al., 2010).

Another published mechanism by which 2DG can exert a pro-apoptotic sensitising
effect on multiple tumour lineages is that 2DG directly inhibits glycolysis thus
increasing in the AMP:ATP ratio and activating AMPK. Phosphorylation and
activation of AMPK results in inhibition of protein translation, and ultimately leads to
a rapid decrease in the expression of proteins with short half-lives; chiefly Mcl-1
(Pradelli et al., 2010; MacFarlane et al., 2012).

1.6 Galactose metabolism
Two ways to analyse the function of glycolysis in cancer cell metabolism and its

related features, such as chemotherapeutic resistance and survival advantages are
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to study cells deprived of glucose or to treat them with the anti-glycolytic and
hexokinase inhibitor 2DG as previously discussed. An alternative way to study the
effectis to culture cells in the absence of glucose, but in the presence of galactose.
Many drugs induce mitochondrial toxicity, and this is often missed in the drug
development process and leads to drug withdrawal from the market (Will &
Dykens, 2014). The realisation that cells cultured in galactose have a fully
functional glycolytic pathway but are completely dependent on mitochondrial
oxidative phosphorylation for ATP generation allows the simultaneous study of the
importance of ATP derived from glycolytic metabolism while also identifying drugs
that induce mitochondrial toxicity.

Galactose is imported into the cell through the same GLUTSs as glucose, however,
GLUTs have a much lower affinity for galactose and so the sole sugar available for
glycolysis is imported in at a much slower rate (Wagner et al., 1991). In addition to
this, once in the cytoplasm galactose is metabolised about 8 times slower than
glucose (Kase et al., 2013), which means most of the ATP is generated from
mitochondrial oxidative phosphorylation and from exogenously supplemented
glutamine. It is often stated that galactose metabolism generates a net yield of O
ATP, this is because for the metabolism of galactose to proceed, UDP-glucose
must first be generated from glucose-1-phosphate and UTP, thus utilising a UTP
(Grun et al., 1990; Lee et al., 2009), thus the net energy gain is 0 (Figure 1-7).

1.7 Mitochondrial oxidative phosphorylation

The mitochondrial respiratory chain produces most of the cells’ energy (ATP) and
is colloquially termed the ‘powerhouse of the cell’. This is achieved by transfer of
electrons through four complexes embedded in the mitochondrial inner membrane
(see Figure 1-8) (Nicholls & Ferguson, 2013a). The NADH dehydrogenase
complex (complex I), oxidises the electron carrier NADH and H™ to form NAD, and
obtains 2 electrons (Nicholls & Ferguson, 2013a). These electrons are passed
through flavin mononucleotide and then a series of iron centres, and finally on to
the iron sulphur centre. These 2 electrons create a proton gradient which pullsin 2
H* from the matrix that bind to ubiquinone, reducing it to ubiquinol (Nicholls &
Ferguson, 2013a). Complex | then pumps 4 H* from the matrix into the inter

membrane space (IMS).
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Ubiquinol moves through the inner membrane and associates with cytochrome ¢
oxidoreductase (complex IIl). Complex Ill, oxidises ubiquinol to ubiquinone, in this
process, the 2 electrons are transferred to cytochrome c¢ (Nicholls & Ferguson,
2013a). During this process, complex Ill also pumps 4 H* from the matrix to the
IMS. Cytochrome c is mobile and moves through the IMS where it associates with
cytochrome oxidase (complex IV) (Nicholls & Ferguson, 2013a). Complex IV
contains 3 main subunits, I, Il and Ill. The two electrons on cytochrome c are
transferred to complex IV with the subsequent reduction of 120, + 2H" to H,0.
During this process, complex IV pumps 2 H* from the matrix to the IMS. Oxygen is
the final electron acceptor, and the redox reactions occurring in the electron
transport chain result in a net yield of 10 H* transferred from the matrix to the IMS
from the oxidation of one NADH + H" (Nicholls & Ferguson, 2013a).

The 10 H" in the IMS are pumped through the ATP synthase (complex V) from the
IMS back to the matrix, converting ADP + Pi in the matrix to ATP. To produce one
ATP, 4 H" are required to be pumped through complex V, therefore the oxidation of
one NADH results in 2.5 ATP (Nicholls & Ferguson, 2013b). Understanding this
system is crucial for analysing bioenergetics data generated on a Seahorse
extracellular flux analyser, which measures the consumption of oxygen in real time.
Using a selection of mitochondrial inhibitors, various bioenergetics parameters can
be determined (see Figure 3-6). Firstly, inhibition of complex V by the inhibitor
oligomycin stops the pumping of protons from the IMS back to the matrix, thus
inhibiting mitochondrial ATP generation and the flow of electrons down the
mitochondrial electron transport chain (Brand & Nicholls, 2011). If the ETC is tightly
coupled to the ATP synthase then there should be no remaining mitochondrial
oxygen consumption. In most cells the ETC is not completely coupled to the ATP
synthase, meaning that leakage of protons occurs from the IMS back to the matrix
independently of complex V (Brand & Nicholls, 2011). The mechanisms that drive
the proton leak are not completely understood, and likely involve a variety of
mechanisms. Firstly, the water wires theory states that single file chains of water
can span the mitochondrial inner membrane, and this facilitates the transport of
protons back to the matrix (Tepper & Voth, 2005). The abundance of adenine
nucleotide translocase (ANT) also appears to directly correlate with the extent of
proton leakage (Brand et al., 1999; Brand et al., 2005), and the combination of all
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mitochondrial inner membrane carrier proteins; the function of the proton leak is
additionally not completely understood, however the mild uncoupling generated
from it is believed to protect against excessive mitochondrial ROS (reviewed in
Jastroch et al., 2010). The best known example of the proton leak is through the
uncoupler protein 1 (UCP1), which is found in brown adipose tissue, this protein
results in a by-pass of the ATP synthase, allowing for non-shivering
thermogenesis; this process typically occurs during mammalian hibernation to

maintain the core body temperature (Fedorenko et al., 2012).

Using the protonophore carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP), the ETC can proceed in the absence of the ATP synthase, which is a
measure of the maximal rate at which the ETC can function (Brand & Nicholls,
2011). FCCP is a lipid permeable chemical that is either protonated or
unprotonated depending on the pH of the cellular compartment that it is localised
to. Thus, FCCP is protonated in the IMS where it moves to the matrix down the pH
gradient and gets deprotonated, liberating H* into the matrix, which can
subsequently be pumped back to the IMS through complexes I, lll and IV. Inhibition
of complex | is achieved by rotenone, which binds to the iron sulphur cluster in
NDUFS2 (Fendel et al., 2008), completely ablating electron flow at the most
upstream complex of the ETC. Any remaining oxygen consumption after the
addition of rotenone is generated either by succinate dehydrogenase and complex

Il or non-mitochondrial means.
1.8 Signal transduction

1.8.1 AMP-activated protein kinase (AMPK)

The AMP-activated protein kinase (AMPK) senses small changes in cellular energy
status and is activated under conditions of energetic stress (Hardie, 2011). Itis a
heterotrimeric protein complex composed of a catalytic a subunit and two
regulatory subunits (B and y) (Figure 1-9), which are expressed in essentially all
eukaryotic organisms. The catalytic subunit has two known isoforms, a1 and a2,
encoded by PRKAA1 and PRKAA2 respectively (Hardie, 2007). The regulator 8
subunit also has two known isoforms, 1 and 2, encoded by PRKAB1 and
PRKAB2 respectively (Hardie, 2007). The regulatory y subunit contains three
known isoforms, y1, y2 and y3, encoded by PRKAGH1, -2 and -3, respectively
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Figure 1-9 AMPK subunit structures. There are three subunits, the catalytic a isoforms, which are
phosphorylated at T172 by LKB1 and CaMKK-3. The regulatory B isoforms, which interact with
glycogen, and the regulatory y isoforms which contain the adenosine nucleotide binding sites.

(Hardie, 2007). Any different combination of each isoform can combine to generate
a functional heterotrimeric protein complex with varied expression profiles

throughout different tissues (reviewed in Moffat & Harper, 2010)

Increased AMP:ATP ratios can result from energetic stress induced by the
inhibition of ATP production, or a rapid increase in ATP consumption. This results
in two AMP molecules binding to the Bateman domains in the AMPK-y subunit of
the heterotrimeric protein complex (Scott et al., 2004) (Figure 1-9). This binding
results in a conformational change in the AMPK-y subunit exposing the active site
on the AMPK-a subunit (Threonine-172), where it gets phosphorylated and
activated by Liver kinase B1 homolog (LKB1). LKB1 is active in cells when
associated in a heterotrimeric complex with Ste20-Related Adaptor (STRAD) and
Mouse protein 25 (MO25) (Hawley et al., 2003; Woods et al., 2003). AMPK can
additionally be activated by phosphorylation on AMPK-a T172 by Ca?*/calmodulin-
dependent protein kinase kinase-B (CaMKK-B) in response to increased

cytoplasmic calcium loading (Woods et al., 2005)

As a general rule, the AMPK pathway decreases anabolic processes and
increases catabolic cellular processes (see Figure 1-10) to inhibit ATP requiring
processes and simultaneously generate ATP respectively (Hardie, 2015).
Following energetic stress, adenylate kinase attempts to maintain ATP levels by

catalysing 2ADP to one each of ATP and AMP, thus exacerbating the rise in AMP
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Figure 1-10 The functions of AMPK. Following energetic stress, AMPK is activated to switch off a
variety of anabolic ATP consuming processes (left, orange circle), such as protein translation and
glycogen synthesis. Simultaneously, AMPK switches on ATP generating catabolic pathways to try
and increase intracellular ATP levels (right, yellow circle) such as increasing glycolytic flux and
activating fatty acid oxidation.

levels, which are always much larger than the respective decrease in ATP levels
(Gowans et al., 2013). The focus of this thesis is on how metabolic status
modulates tumour cell sensitivity to apoptotic stimuli, as such inhibitors of ATP
production by inhibiting glycolysis or the oxidative phosphorylation system are

routinely used, which implicates AMPK as an important regulator of the outcomes.

Upon activation, AMPK inhibits protein, glycogen, rRNA and sterol synthesis to
reduce cellular anabolism (Lim et al., 2010). AMPK inhibits protein synthesis
through the inhibition of MTORC1 by direct phosphorylation of tuberous sclerosis 2
(TSC2) (Inoki et al., 2003b) and the mTOR binding partner raptor (Gwinn et al.,
2008). Examples of catabolic processes mediated by AMPK include activation of
the 58 kDa H-PFK2 isoform and the u-PFK2 and I-PFK2 isoforms (reviewed in Ros
& Schulze, 2013), resulting in increased glycolysis; inhibition of Acetyl Co-enzyme
A carboxylase to increase fatty acid oxidation and increased GLUT4 plasma
membrane translocation to increase glucose transport (Lim et al., 2010). AMPK is

thus a positive regulator of glycolytic flux. In addition, following energetic stress,
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AMPK is responsible for increased mitochondrial biogenesis, a critical adaptation
to increase cellular ATP content (Zong et al., 2002; Scarpulla, 2008; Jornayvaz &
Shulman, 2010)

1.8.2 Protein kinase B (Akt)

The PI3K/Akt pathway is an important regulator of cellular metabolism, PI3K is a
class 1A phosphatidylinositol 3-kinase that functions by phosphorylating
phosphatidylinositol(4,5)P, (PIP2) into phosphatidylinositol(3,4,5)P3; (PIP3)
(reviewed in Martini et al., 2014). PIP3 functions a second messenger to recruit
proteins containing a Pleckstrin Homology (PH) domain to the plasma membrane,
such as protein kinase B (Akt) (Vivanco & Sawyers, 2002). Akt is expressed in
three different isoforms, Aktl and Akt2 which appear to be ubiquitously expressed,
and Akt3 that appears to have a more confined tissue distribution (Agarwal et al.,
2013). Elevated expression of Akt is a major contributing factor in cancer cell
survival (Martini et al., 2014), and as such there are a plethora of described genetic
aberrations that result in increased Akt signal transduction. Aktl amplification has
been found to occur in gastric cancers, and this confers resistance to platinum
based therapies (Liu et al., 2007), while somatic mutations have been found in
breast, bladder, lung, ovarian and colorectal carcinomas (Knowles et al., 2009).
There are a variety of single nucleotide polymorphisms (SNP), most of which are
correlated with poor prognosis and therapeutic resistance (reviewed in Martini et
al., 2014)

At the plasma membrane Akt is phosphorylated on T308 by PDK1 and on S473 by
MTORC2, allowing it to exert its kinase activity on its cellular targets (Martini et al.,
2014). Both phosphorylation events appear to be critically required for full
activation of Akt kinase activity (Hart & Vogt, 2011). Akt was originally identified as
a key regulator of insulin receptor signalling (Burgering & Coffer, 1995). Akt is a
positive regulator of protein translation, via direct phosphorylation of TSC2 and the
proline-rich Akt substrate of 40 kDa (PRAS40).

Many targets for Akt are involved in cellular metabolism, for example Akt regulates
cell surface glucose transporters (GLUTS) by inducing expression of GLUT1 and
GLUT3 (Hajduch et al., 1998; Barthel et al., 1999) and facilitating GLUT4
translocation to the plasma membrane (Watson et al., 2004). In addition, Akt
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phosphorylates glycogen synthase kinase-33 (GSK-3[) resulting in its inactivation
and subsequent activation of glycogen synthase and cyclin D1 (Vivanco &
Sawyers, 2002). Other metabolic proteins regulated by Akt include:
phosphorylation of PDE3B to regulate intracellular cyclic nucleotide levels
(Kitamura et al., 1999); phosphorylation of the 58 kDa isoform of H-PFK2
(reviewed in Ros & Schulze, 2013) and subsequent activation of PFK1 leading to
conversion of fructose-6 phosphate to fructose-1,6 bisphosphate (Deprez et al.,
1997). Also, Akt is believed to up-regulate the levels of mitochondrial-associated
hexokinase (Majewski et al., 2004b; Majewski et al., 2004a)

1.8.3 Cross talk into apoptotic and survival signalling

The Akt and AMPK pathways also serve to function as direct or indirect modulators
of a variety of pro- and anti-apoptotic proteins. For example, Akt directly
phosphorylates the BH3 only protein Bad at Serine-136, which results in Bad and
14-3-3 proteins forming a complex, thus inhibiting its pro-apoptotic function (Datta
et al., 1997). Also, Akt phosphorylates and inactivates GSK-3p, preventing Mcl-1
phosphorylation and thus inhibiting targeted proteasome degradation, potentially
extending the short 90 min half-life of the anti-apoptotic protein (Inuzuka et al.,
2011; Maurer et al., 2006). IkB kinase (IKK) can also transiently associate with Akt
resulting in its activation, thus leading to enhanced gene transcription of both Bcl-2
and Bcl-x, (Romashkova & Makarov, 1999). In addition, Akt antagonizes
mitochondrial-hexokinase dissociation in the presence of tBid thus preventing
Bax/Bak activation (Majewski et al., 2004b). Over expression of Akt therefore

functions to avoid apoptosis by regulating a variety of Bcl-2 family proteins.

In contrast the AMPK pathway has paradoxically been reported to have both pro-
apoptotic and anti-apoptotic effects (Shaw et al., 2004; Saitoh et al., 2004; Liet al.,
2003a; Xiang et al., 2004, Stefanelli et al., 1998; Durante et al., 1999; Kefas et al.,
2003b; Kefas et al., 2003a; Dagon et al., 2006; Dagon et al., 2005). LKB1 is best
known for its role in Peutz-Jeghers syndrome. Hereditary germ line mutations in
LKB1 result in individuals presenting with benign tumours that are incapable of
malignancy (Hemminki et al., 1998; Jenne et al., 1998). Additionally, there has
been great interest in the LKB1-AMPK pathway as a therapeutic target; as a result,
studies have demonstrated that AMPK is required for cell growth and survival, and

that AMPK activity correlates with survival (Inoki et al., 2003b). In a recent study it
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has been shown that AMPK activation maintains NADPH anti-oxidant production

via fatty acid oxidation and that this is critical for cell survival (Jeon et al., 2012).

In contrast reports also show that activation of AMPK can lead to inhibition of cell
growth and activation of apoptosis. One of the mechanisms by which this is
achieved is a shutdown in protein translation signalled through mTORC1, leading
to decreased expression of the anti-apoptotic Bcl-2 family member protein Mcl-1
(Pradelli et al., 2010).

These metabolic pathways do not only cross talk into apoptotic signalling, there is
growing evidence to suggest that Bcl-2 family members directly regulate cellular
metabolism. An extensive review on Bad by Nika Danial (Danial, 2008) discusses
that post-translational modifications, in this case serine 155 phosphorylation results
in Bad assuming a metabolic role by activating glucokinase (GK). In addition, it has
also been reported that the BH3 only protein Noxa, enhances glucose turnover via
the PPP, and that the serine 13 phosphorylation status dictates whether it serves

to promote apoptosis or regulate metabolism (Lowman et al., 2010).

1.9 mTOR signalling and protein translation

The cellular nutrient sensor is mammalian target of rapamycin (mTOR), which is
crucial for generating signals that tell the cell to grow and proliferate. Perhaps the
most important function of mMTOR is to maintain an available amino acid pool for
active protein synthesis (Shimobayashi & Hall, 2014). mTOR is found in two
distinct complexes, mTORC2, which contains mTOR, rapamycin insensitive
companion of mTOR (Rictor), mammalian stress activated protein kinase (SAPK)
interacting protein 1 (mSinl), protein observed with rictor (protor), mLSTS8,
PRAS40 and death domain containing mTOR interacting protein (deptor) (reviewed
in Showkat et al., 2014). This mTOR complex is responsible for phosphorylation of
Akt on S473 and thus facilitates full activation of its kinase function.

The second mTOR complex, mMTORC1, contains mTOR, regulatory associated
protein of MTOR (raptor), mLST8, PRAS40 and deptor (reviewed in Showkat et al.,
2014) (see Figure 1-11). This complex is the master regulator of cellular protein
synthesis, and functions primarily by regulating the activity of elF4E binding
proteins (4EBP’s) and p70S6k. Translation initiation control is mediated by the 7-
methyl-GTP cap structure located at the 5’ end of all MRNA’s
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Figure 1-11 AMPK and Akt regulation of protein translation. AMPK and Akt
negatively and positively regulate mTORC1 respectively. Either by regulating the
upstream negative regulator TSC2, or, in the case of AMPK, additionally directly
phosphorylating and inhibiting raptor. Akt can also directly activate S6, while AMPK
can directly inhibit the elongation step by phosphorylation of eEF2k.
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(reviewed in Showkat et al., 2014). The eukaryotic initiator 4F (elF4F) complex
binds near this cap, and is comprised of the elF4G scaffold protein, elF4E and
elF4A, and this complex initiates translation (Pain, 1996). elF4E binds tightly to
4EBP1 (Pause et al., 1994) in the absence of an mTORCL1 activation signal (i.e
Akt) or the presence of an inhibition signal (i.e. AMPK), inhibiting protein
translation. mMTORC1 regulates this complex, by hyper-phosphorylating 4EBP1
when mTORC1 activity is high, which results in the dissociation of 4EBP1 with
elF4E, thus allowing the elF4F complex to form. Conversely, when activity is low or
signalled for inhibition, mMTORC1 does not phosphorylate 4EBP1, resulting in a
hypo-phosphorylated protein that rapidly sequesters elF4E, thus inhibiting elF4F
complex formation and protein synthesis (Gingras et al., 2001).

This above process is regulated upstream of mMTORC1 by two regulators of cellular
homeostasis, Akt and AMPK. AMPK signals to inhibit protein translation by directly
phosphorylating raptor on S722/792 or by phosphorylating TSC2 resulting in its
association with TSC1 to negatively regulate protein translation (Gwinn et al.,
2008). Akt on the other hand phosphorylates TSC2 resulting in its dissociation from
TSC1 activating protein translation (Inoki et al., 2002). The TSC complex regulates
protein synthesis by acting as a Rheb GAP (GTPase activating protein). Rheb
GTPase binds directly to mTOR and positively regulates its kinase activity (Sancak
et al., 2007), activation of the TSC complex converts Rheb to an inactive GDP-
bound form, which cannot activate protein synthesis (Garami et al., 2003; Inoki et
al., 2003a); thus, dissociation of TSC2 from TSC1 by Akt phosphorylation activates
protein translation through Rheb GTPase. In addition to mTORC1 regulation of
4EBP1, it also binds tightly to p70S6k and phosphorylates it at T389 (Dann et al.,
2007). Activation of p70S6k results in regulation of translation initiation by
phosphorylating the cap binding protein elF4B (Raught et al., 2004) and inhibiting
eEF2k (Wang et al., 2001) (a negative regulator of elongation), it has also been
reported to regulate transcription and ribosomal biogenesis by phosphorylating the
transcription factor UBF-1 (Showkat et al., 2014). Interestingly, p70S6k is a direct
regulator of cell survival by phosphorylating both MDM2 and the Bcl-2 family

member Bad (reviewed in Showkat et al., 2014).
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1.10 Aims

The realisation that cancer cell metabolism can be targeted with minimal off target
side effects is gaining pace in academia and industry as a viable approach to
modify therapeutic regimes with the aim of decreasing tumour burden. In line with
this, the work in this thesis looked at how inhibiting glycolytic flux by different
techniques could alter tumour cell sensitivity to traditional apoptotic stimuli, and

ultimately what were the mechanisms behind the altered sensitivity.

Work previously published from our laboratory has shown that the mantle cell
lymphoma derived cell line, Z138’s, were less sensitive to TRAIL-induced cell
killing when chronically deprived of glucose (Robinson et al.,, 2012). The
experiments described in Chapter 3 used chronic glucose deprivation (at least 7
days) as a means to study the effects of glycolytic inhibition on TRAIL-induced
apoptosis in another mantle cell ymphoma derived cell line, UPN1’s. The aim was
to determine if glucose-deprivation also conferred resistance to TRAIL-induced
apoptosis in another MCL line. UPNL1 cells were maintained in glucose containing
or glucose free media, and the sensitivity to TRAIL was studied using FACS
analysis. In addition, the effect of glucose deprivation on the mode of cell death
following TRAIL treatment was investigated and correlated with bioenergetics
studies following metabolic reprogramming, along with immunoblotting analysis of

key pro- and anti-apoptotic proteins.

The same study published from our laboratory showed that treating 2138 cells with
2DG for 20 h resulted in increased sensitivity to apoptotic stimuli. As cancer cells
rapidly utilise glycolysis, the effects of acute glycolysis inhibition by 2DG should be
far more rapid than 20 h. The experiments described in Chapter 4 aimed to
delineate the kinetics and also the mechanism by which 2DG increases TRAIL and
ABT-737-induced cell death. Z138 cells were maintained in glucose containing
media and treated with 2DG prior to apoptosis induction by TRAIL and ABT-737,
as predicted, the effects were far more rapid than previously published, with
increased sensitivity observed within 2 h, which correlated with metabolic
reprogramming. To characterise the mechanism by which 2DG increased
sensitivity, the AMPK and Akt signal transduction pathways were examined by
immunoblotting, which showed that 2DG induced a rapid and transient activation of
AMPK, which was sufficient to sustain inhibition of protein translation and thus
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maintain a reduced level of Mcl-1 expression. The effects of canonical activators of
AMPK were examined and correlated to TRAIL and ABT-737-induced cell killing;
these results showed that 2DG appears to activate AMPK independently of LKB1
and CaMKK-f3

The previously published study from our laboratory and the results presented in
Chapters 3 and 4 showed that inhibition of glycolysis by glucose deprivation and
2DG have profoundly different effects on sensitivity to apoptotic inducers. An
alternative way to study the effects of cellular metabolism on cell death is to
maintain the cells in a galactose based media, in this model, glycolysis is
preserved and intermediates are still generated from the pentose phosphate
pathway, however no ATP is generated from glycolysis and so the cells are reliant
on mitochondrial oxidative phosphorylation. The results described in Chapter 5
used glucose and galactose cultured Z138 cells to examine the sensitivity of the
cells to a panel of drugs following metabolic reprogramming with the aim of
correlating this information to results obtained from glucose deprivation and 2DG
studies. The degree and mode of cell death following treatment with canonical
inducers of apoptosis and classical inhibitors of the mitochondrial oxidative
phosphorylation system were correlated to metabolic reprogramming, which
showed metabolic switching altered the mode of cell death from apoptosis to
necrosis. Also, | aimed to study the mitochondrial proteome using label-free
guantitative mass spectrometry to evaluate changes in protein expression, and
then couple this data to bioinformatics pathway mapping. The aim was to correlate
the observed altered sensitivity to apoptotic stimuli and the switch in cellular
metabolism to the changes in the mitochondrial proteome, and if this methodology
could be used to predict other changes that may have occurred following metabolic

reprogramming.
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2 Materials and Methods
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2.1 Materials

Unless otherwise stated, all materials were obtained from Sigma-Aldrich (Poole,
UK). Acetone, EDTA, ethanol, IMS, methanol, marvel milk powder and Sodium
chloride were obtained from Fisher Scientific Ltd (Loughborough, UK). A23187,
dorsomorphin dihydrochloride (compound C), thapsigargin, STO-609 and HNMPA-
(AM3) were all obtained from Santa Cruz Biotechnology, Inc. (Heidelberg,
Germany). Seahorse XF24 flux pak, was obtained from Seahorse bioscience
(Copenhagen, Denmark). TRIS Complete™ protease inhibitor without EDTA was
obtained from Roche (Sussex, UK). Cell titre Glo® Luminescent cell viability assay,
passive lysis buffer 5X and sequencing grade modified trypsin were all obtained
from Promega (Madison, WI, USA). Methionine and Cysteine L-[**S] and
scintillation fluid were obtained from PerkinElmer (Waltham, Massachusetts, USA).
The pan-caspase inhibitor zVAD.fmk was obtained from MP Biomedicals (llIkirch,
France). Immobilon PVDF membrane forimmunoblotting was obtained from Merck
Millipore Corporation (Darmstadt, Germany). Nucleofection solution SF for use with
a nucleofector 4D were from Lonza Group Ltd (Verviers, Belgium). DMEM -
methionine and cysteine free media, Dynabeads® protein G for
immunoprecipitation, foetal calf serum, GlutaMAX™, MitoSox™ Red mitochondrial
superoxide indicator, RPMI1640 without glucose, RPMI1640 with 11.1 mM D-
glucose, sodium pyruvate, 4-20% TRIS-glycine mini gradient gels and 4-12% BIS-
TRIS Bolt™ gels were all obtained from Life technologies (Invitrogen/Thermo
Fisher Scientific) (Loughborough, UK). ECL was from GE Healthcare
(Buckinghamshire, UK), Dimethyl pimelinediimidate dihydrochloride was from
Fluka (poole, UK). InstantBlue™ ultrafast protein stain was from Expedeon
(Cambridge, UK). AICAR was from Cell Signalling Technology (Leiden,
Netherlands). Criterion 4-20% TRIS-glycine gradient gels and Bio-Rad protein
assay were from Bio-Rad (Hemel-Hempstead, Hertfordshire). BD Cell-Tak™ was
obtained from Becton Dickinson (Oxford, UK). A769662 and CHIR 99021 were
from Tocris Bioscience (Bristol, UK). Yeast ADH1 and BSA for quantitative mass
spectrometry were from Waters Corporation (Manchester, UK). ABT-737 was from
SelleckChem (Munich, Germany). Recombinant Annexin-V conjugated to FITC
was made in house by Dr Xiao Ming Sun. Recombinant TRAIL was made in house
Prof Marion MacFarlane.
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2.2 Methods

2.2.1 Tissue culture

The mantle cell ymphoma derived cell line, Z138 cells was a kind gift from Martin
J.D Dyer (University of Leicester) (Estrov et al., 1998). 2138 cells were cultured in
RPMI 1640 media containing 11.1 mM D-glucose, supplemented with 1 mM
sodium pyruvate, 2 mM glutamax and 10% foetal calf serum (FCS) and incubated
in a 5% CO, humidified atmosphere at 37°C. Cells were seeded at either 0.1 t0 0.2

x 10° cells/ml and passaged every 3 to 4 days respectively.

The mantle cell lymphoma derived cell line, UPN1 cells (M'kacher et al., 2003)
were cultured in RPMI 1640 media containing 11.1 mM D-glucose, supplemented
with 1 mM sodium pyruvate, 2 mM glutamax and 10% FCS and incubated in a 5%
CO, humidified atmosphere at 37°C. Cells were seeded at either 0.1 to 0.2 x 10°

cells/ml and passaged every 3 to 4 days, respectively.

For glucose deprivation studies, glucose deprived UPN1 cells were maintained in
D-glucose free RPMI 1640 media containing 2 mM L-glutamine, supplemented with
1 mM sodium pyruvate and 10% FCS. Cells were incubated in a 5% CO;
humidified atmosphere at 37°C. Cells were seeded at either 0.1 to 0.2 x 10°
cells/ml and passaged every 3 to 4 days respectively. Glucose containing UPN1

cells were maintained as above.

For 2-Deoxy-D-Glucose (2DG) experiments, Z138 cells were treated with 5 mM

2DG for the indicated time points in glucose containing media as described above.

For galactose studies, Z138 cells were cultured and maintained in D-glucose free
RPMI 1640 medium containing 2 mM L-glutamine, supplemented with 11.1 mM D-
galactose, 1 mM sodium pyruvate and 10% FCS and incubated in a 5% CO,
humidified atmosphere at 37°C. Glucose containing cells used for comparative
studies were cultured as above. Z138 cells were kept in galactose based media for
at least 7 days before experiments to allow for metabolic and proteomic

reprogramming.
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2.2.2 Induction of apoptosis
UPNL1 Cells

UPNL cells were seeded at 0.2 x 10° cells/ml 48 h prior to apoptosis induction and
harvested between 0.8 - 1.2 x 10° cells/ml. UPN1 cells were then treated with
various concentrations of wild type recombinant TRAIL, as indicated in the figure
legends. For blocking apoptosis, UPN1 cells were pre-treated for 30 min with the
pan-caspase inhibitor zZVAD.fmk to give final concentrations of 10 — 100 uM,
followed by 200 ng/ml TRAIL for 4 h. For blocking necroptosis, UPNL1 cells were
pre-treated with the RIPK1 inhibitor; Necrostatin-1 (Nec-1) at 50 pM, and
zVAD.fmk at 10 uM for 30 min, followed by 200 ng/ml TRAIL for 4 h. Cells (200 ul)
were diluted in 800 ul Annexin buffer and cell death assessed by FACS analysis.
Following drug treatments, 10° cell/ml were harvested and the pellet retained for
assessment of caspase cleavage. Cells were centrifuged at 300 x g for 3 min at
4°C, media aspirated and the cells washed twice in ice cold PBS. The pellet was

snap frozen in dry ice and stored at -80°C until required.
Induction of apoptosis —comparing glucose and galactose Z138 cells

Z138 cells cultured in either glucose containing or galactose containing medium
were seeded at 0.2 x 10° cells/ml 48 h prior to apoptosis induction. When confluent
(0.8 — 1.2 x 10° cells/ml), 500 pl of Z138 cells were then treated with varying
concentrations of the following drugs/chemicals for 16 h: TRAIL; ABT-737;
etoposide; cisplatin; staurosporin; artusenuate; oligomycin; FCCP; rotenone;
antimycin; mitomycin C; as indicated in the figures. Caspase-dependent apoptosis
was inhibited by pre-treatment for 60 min with the pan-caspase inhibitor zVAD.fmk
at 50 uM, followed by varying concentrations of the above drugs/chemicals for 16
h. For blocking necroptosis, Z138 cells were pre-treated with the RIPK1 inhibitor;
Nec-1 at 50 uM, and zVAD.fmk at 50 uM for 60 min, followed by varying
concentrations of the above drugs for 16 h. The cells were then diluted 1:1 in
Annexin buffer and cell death assessed by FACS analysis.

Induction of apoptosis —sensitising using AMPK activators or inhibitor

7138 cells were seeded at 0.2 x 10° cells/ml 48 h prior to apoptosis induction and

harvested between 0.8 - 1.2 x 10° cells/ml. Z138 cells were pre-treated with the
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indicated concentrations of the following AMPK activators for the indicated times:
2DG; metformin; phenformin; AICAR; AMP; thapsigargin or A23187 followed by
either ABT-737 or TRAIL for 4 h. For the AMPK inhibitor dorsomorphin
dihydrochloride (compound C), Z138 cells were pre-treated with the indicated
concentrations for 30 min, followed by combinations of 5 mM 2DG for 8 h and/or
200 ng/ml TRAIL for 4 h. Aliquots (200 pl) of cells were diluted in 800 pl of Annexin

buffer and cell death assessed by FACS analysis.

2.2.3 Measuring apoptosis

Apoptotic cells undergo a variety of morphological changes that can be detected to
differentiate between healthy and dying cells. Following caspase activation,
phosphatidyl serine (PS) is externalised to the exoplasmic face of the plasma
membrane (Fadok et al., 1992). A high affinity binding protein of PS is Annexin-V,
a naturally occurring protein. Recombinant Annexin-V conjugated to fluorescein
Isothiocynate (FITC), can therefore be used to fluorescently label apoptotic cells as
previously described (MacFarlane et al., 2002). Late stage apoptotic and necrotic
cells lose plasma membrane integrity. To differentiate between early and late stage
apoptosis / necrosis, propridium idodide (Pl) is also added. Pl is a plasma
membrane impermeable fluorescent nucleic acid intercalating agent, following loss
of membrane integrity Pl incorporates into nucleic acids. Thus combination of
Annexin-V/FITC and PI can be used to distinguish the mode and stage of cell
death based on PS exposure and plasma membrane integrity, respectively, as

previously described (MacFarlane et al., 2002)

Control and treated 2138 and UPNL1 cells were transferred to Annexin buffer (10
mM HEPES (pH 7.4), 150 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1.8 mM CacCl,).
Samples were incubated in the dark at room temperature for 30 min with 1.5 pl of
diluted Annexin-V-FITC (dilution varied depending on the batch of Annexin-V-FITC
used). Following incubation, Pl was added at 50 pg/ml and samples placed on ice
and kept in the dark. A BD FACS Calibur, using Cell Quest Pro™ was used to

simultaneously analyse PS+ and PI+ cells

2.2.4 Whole cell protein expression
Whole cell protein expression was determined as described previously (Robinson

etal., 2012). Cells were counted using a Scharffe Casy counter, centrifuged at 200
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x g for 3min at 4°C, and the pellet washed 2 x in ice cold PBS and resuspended in
1 x Laemmli buffer, sonicated for 60 s at 5 Hz. Sonicated, solubilised cells (2.5 x
10° cells) were loaded on to 4 - 20% TRIS-glycine gradient gels and protein

expression was analysed by immunoblotting.

2.2.5 Preparing cell lysates

Following siRNA transfection cells were washed twice in ice cold PBS and the
pellet resuspended and incubated on ice for 30 min in 1 x RIPA buffer (150 mM
NaCl, 50 mM TRIS (pH 8), 1% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1%
SDS). Following incubation, the lysed cells were centrifuged at 18,000 x g for 20
min at 4°C to pellet the insoluble fraction. The supernatant was aliquoted into
Eppendorf tubes and the protein concentration was determined using a BioRad

protein assay dye reagent concentrate (2.2.6)

2.2.6 Determining protein concentration

Cell lysates were measured using the Bio-Rad protein assay dye reagent as
previously published (Bradford, 1976; Robinson et al., 2012). A standard curve was
generated using 0 — 8 ug/ml Bovine Serum Albumin (BSA) in appropriately diluted
Bradford reagent, the standard curve samples were measured in triplicate. The
experimental samples were diluted, 2 pl in 998 ul of appropriately diluted Bradford
reagent and measured in duplicate. The absorbance was measured on a Beckman
Coulter spectrophotometer at 595 nm and the protein concentration calculated
using the standard curve. Western blotting was performed using 20 pg of protein

per sample.

2.2.7 Immunoblotting

Immunoblotting was carried out as previously described (Robinson et al., 2012).
Briefly, using SDS-PAGE, protein samples (20 pg or 2.5 x 10° cells) were
separated using 4 — 20% TRIS-glycine gradient gels (Invitrogen and Biorad) in
either Invitrogen sure lock X or Bio Rad criterion tanks in electrode buffer (25 mM
TRIS(hydroxymethyl)aminomethane, 192 mM glycine, 10% SDS). Following
electrophoresis, proteins were transferred to methanol activated PVDF in a Bio-
Rad protean tetra cell kit over night at 30 V in transfer buffer (25 mM
TRIS(hydroxymethyl)aminomethane, 192 mM glycine, 20% methanol). The

membranes were briefly stained with Ponceau S to ensure equal protein loading
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and transfer. The membranes were then blocked for at least 1 h in 5% milk in TBS-
T (TBS: (+ 0.1% TWEEN-20)), then washed 3 times in TBS-T. Membranes were
then probed with the indicated primary antibody overnight at 4°C (Table 2.1).

Antibody Supplier Dilution Host Catalogue No
AMPK-a Cell Signalling 1:1000 Rabbit 5831
AMPK-{31 Cell Signalling 1:1000 Rabbit 4150
p-AMPK-a (T172) Cell Signalling 1:1000 Rabbit 2535
p-AMPK-a (S485) Cell Signalling 1:1000 Rabbit 4185
p-AMPK-B1 (S108) | Cell Signalling 1:1000 Rabbit 4181
ACC Cell Signalling 1:1000 Rabbit 3676
p-ACC (S79) Cell Signalling 1:1000 Rabbit 11818
Akt Cell Signalling 1:1000 Rabbit 9272
p-Akt (T308) Cell Signalling 1:1000 Rabbit 4056
p-Akt (S473) Cell Signalling 1:1000 Rabbit 4058
GSK-3p Cell Signalling 1:1000 Rabbit 12456
p-GSK-3B (S9) Cell Signalling 1:1000 Rabbit 5558
GSK-3a Cell Signalling 1:1000 Rabbit 4337
p-GSK-3a (S21) Cell Signalling 1:1000 Rabbit 9316
B-Catenin Cell Signalling 1:1000 Rabbit 8480
LKB1 Cell Signalling 1:1000 Rabbit 3050
eE2F Cell Signalling 1:2000 Rabbit 2332
p-eE2F (T56) Cell Signalling 1:1000 Rabbit 2331
Erk Cell Signalling 1:1000 Rabbit 9102
p-Erk (T202/Y204) | Cell Signalling 1:1000 Rabbit 9101
STAT3 Cell Signalling 1:1000 Rabbit 8719
p-P70S6K (T389) Cell Signalling 1:500 Mouse 9206
rS6 Cell Signalling 1:2000 Mouse 2317
p-rS6 (5240/244) Cell Signalling 1:1000 Rabbit 5364
4EBP1 Cell Signalling 1:5000 Rabbit 9452
p-4EBP1 (S65) Cell Signalling 1:1000 Rabbit 9451
elF2-a Cell Signalling 1:1000 Rabbit 9722
p-elF2-a (S51) Cell Signalling 1:1000 Rabbit 3597
Caspase-8 In house 1:3000 Rabbit N/A
Caspase-9 In house 1:3000 Rabbit N/A
Caspase-3 In house 1:3000 Rabbit N/A
Caspase-7 In house 1:3000 Rabbit N/A
PARP Enzo 1:2500 Mouse BML-5A249
a-Tubulin Cell signalling 1:1000 Rabbit 2144
Bad Cell Signalling 1:1000 Rabbit 9292
Bcl-2 Dako 1:1000 Mouse Clone 124
Bcl-X, BD 1:1000 Rabbit 610211
Bcl2-Al Santa cruz 1:100 Goat Sc-6068
Puma Cell signalling 1:1000 Rabbit 4976
Bid Cell signalling 1:1000 Rabbit 2002
Bax Upstate 1:1000 Rabbit 04-434
Bak Upstate 1:1000 Rabbit 06-536
Mcl-1 Santa cruz 1:500 Rabbit SC-819
Noxa Calbiochem 1:250 Mouse OP180
XIAP Transduction labs | 1:2000 Mouse 610717
RIPK1 BD 1:1000 Mouse 610458
P53 Cell signalling 1:1000 Rabbit 9282
Cytc Pharmingen 1:5000 Mouse 556433

Table 2.1 Table detailing all primary antibodies used for

supplier, host and the dilution required in 5% BSA.

immunoblotting, the
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The membranes were then probed with the corresponding secondary antibody for
2 h (Table 2.2). Immunostained membranes were then either analysed on a Li-Cor
Odyssey imaging platform at the appropriate intensity or using enhanced

chemiluminescence (ECL) and x-ray film.

Antibody Supplier Dilution Host Catalogue No
Anti-rabbit Dako 1:2000 Goat P0448
Anti-mouse Sigma 1:2000 Goat A8924
Anti-mouse 800cw LiCor Bioscience 1:10000 Goat 926-32210
Anti-rabbit 800cw LiCor Bioscience 1:10000 Goat 926-32211
Anti-Goat 800cw LiCor Bioscience 1:10000 Donkey 926-32214
Anti-mouse 680rd LiCor Bioscience 1:10000 Goat 926-68070
Anti-rabbit 680rd LiCor Bioscience 1:10000 Goat 926-68071
Anti-goat 680rd LiCor Bioscience 1:10000 Donkey 926-32224
Anti-mouse 680It LiCor Bioscience 1:20000 Goat 926-68020
Anti-rabbit 680It LiCor Bioscience 1:20000 Goat 926-68021

Table 2.2 Table detailing all secondary antibodies used for immunoblotting, the
supplier, dilution, host and catalogue number. All antibodies were diluted in 5%
milk (made in TBS-T)

2.2.8 Detection of mitochondrial superoxide

Detection of mitochondrial superoxide was performed using MitoSOX™ (Life
Technologies). Briefly, Z138 cells were treated with MitoSOX™ to give a final
concentration of 1 uM and incubated at 37°C for 10 min to allow MitoSOX™
loading. The relative intensity was then measured on BD FACS Canto flow
cytometer. For 2DG and antimycin time course, a basal measure of ROS was
recorded on the FACS then either 5 mM 2DG or 1 uM antimycin was added to the
cellsin the FACS tube and the increase in fluorescence measured against time (for
25 min).

2.2.9 siRNA transient nucleofection

7138 cells were seeded at 0.2 x 10° cells/ml, 48 h prior to transfection in glucose
containing medium. Cells were harvested between 0.8 — 1.2 x 10° cells/ml, and
centrifuged at room temperature at 200 x g for 5 min. The medium was aspirated
and cells centrifuged again at 200 x g for 3 min at room temperature, and
remaining medium discarded. Z138 cells were resuspended in SF solution
(LONZA) at 7.5 x 10° cells/20 pl for 16 well nucleofection strips; or 5 x 10° cells/100
pl for nucleofection cuvettes. Lyophilised siRNA was reconstituted in sterile
ultrapure H,O and added to the resuspended cells at the indicated final

concentrations. Cells were then nucleofected using an Amaxa 4D nucleofector
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(LONZA) on program CM119. Post transfection, cells were incubated with 4 x
transfection volume recovery media (RMPI 1640 containing 11.1 mM D-glucose,
no additions) at room temperature for 10 min. Transfected cells were then added to
RPMI 1640 media containing 11.1 mM D-Glucose, supplemented with 1 mM
Sodium pyruvate, 2 mM Glutamax; 10% FCS and incubated in a 5% CO,
humidified atmosphere at 37°C. Samples were collected at the indicated time
points for preparation of cell lysates and immunoblotting or FACS analysis of

apoptosis.

2.2.10 Polysome profiling

Sucrose density gradient preparation

Polysome profiling was carried out in collaboration with Carolyn Jones from the
MRC Toxicology Unit Genomics Facility as previously described (Powley et al.,
2009).

Gradient buffer (GB) was made as a 10x stock (3 M NaCl, 150 mM MgCl,, 150 mM
Tris-HCI (pH 7.5), 20 MM DTT, 1 mg/ml cycloheximide) and was diluted to 1 x and
used to make 10%, 20%, 30%, 40% and 50% w/v sucrose solutions. To pre-
washed centrifuge tubes (Sorvall PA 12 ml), 2 ml 50% sucrose was added and
placed in a -80°C freezer for 30 min. From the 40% sucrose solution, 2 ml was
then layered over the top and allowed to freeze at -80°C for 30 min. This process
was repeated sequentially for 30, 20 and 10% sucrose solutions, and finally stored
at -20°C. Prior to experimentation (16 h) the gradients were removed from the
freezer and allowed to equilibriate to 4°C.

Polysome profiling

Cycloheximide (CHX) was added to control and 2DG treated Z138 cells to give a
final concentration of 100 pg/ml and the samples were incubated for 3 min at 37°C
in 5% CO, humidified atmosphere. The cells were subsequently washed twice in
ice cold PBS containing 100 pg/ml CHX, cells were then centrifuged at 500 x g for
3 min, the supernatant aspirated and cell pellets resuspended in 1 ml polysome
lysis buffer (300 mM NaCl; 15 mM MgCl,; 15 mM TRIS-HCL (pH 7.5); 100 pg/ml
CHX; 1 mg/ml heparin; 1% Triton X-100), which was centrifuged at maximum on a

benchtop microfuge (approx. 18,000 x g). The supernatants were then gently
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layered onto the pre-equilibriated 10 — 50% sucrose density gradients and
centrifuged at 38,000 rpm for 2 h at 4°C. The gradients were fractionated through a
Teledyne ISCO Foxy R1 fractionator with a flow rate of 1 ml/min with the
absorbance continually measured at 254 nm by a Teledyne ISCO UA-6 UV-Vis
detector. The absorbance values were plotted into an XY scatter plot in GraphPad
Prism to generate the polysome profile trace.

2.2.11 Assessment of global protein synthesis: [*S] methionine
cysteine incorporation and trichloroacetic acid (TCA) protein
precipitation

7138 cells were seeded at 0.2 x 10° cells/ml 48 h prior to experiment. Cells were
harvested between 0.8 — 1.2 x 10° cell/ml and treated with 5 mM 2DG at staggered
intervals so that 8, 6, 4, 2, 1 and 0.5 h finished treatment at the same time. Cells
were then centrifuged at 300 x g for 5 min at room temperature, the supernatant
aspirated and the cell pellet resuspended in 500 pl [**S] methionine and cysteine
pulse labelling medium (PLM: Methionine and cysteine free DMEM, 10% (v/v)
dialysed FCS and [**S] methionine and cysteine at 1.43 MBg/ml) in a water bath at
37°C for 15 min, to allow incorporation of radiolabelled amino acids, tubes were
inverted every 3 -5 min to keep cells resuspended. Cells were centrifuged at
18,000 x g for 1 min at 4°C and the supernatant aspirated. Pellets were then
washed 2 x in PBS with sequential centrifugation at 18,000 x g for 1 min at 4°C and
resuspended in 400 ul passive lysis buffer (Promega) and left to incubate on ice for
10 min. Lysates were centrifuged at 18,000 x g for 5 min to pellet insoluble fraction,
and 300 ul cleared lysate aliquoted into an Eppendorf tube. The remainder of the
cleared lysate (~ 100 pl) was aliquoted into an eppendorf tube for determination of

protein concentration.

Whatmann 2.5 cm glass microfiber filter discs were placed on to a vacuum
manifold and pre-wet with 25% TCA. To the 300 ul of cleared lysate, 300 pl of
25% TCA was added and incubated on ice for 30 min. The TCA-lysate solution
was then spotted onto the glass microfiber filters. The filters were then washed
twice in 70% IMS followed by 2 washes with acetone, left to air dry and then placed
in scintillation vials containing 2 ml scintillation fluid and [**S] incorporation was
measured on a WALLAC WINSPECTRAL™ 1414 liquid scintillation counter.
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2.2.12 Extracellular flux analysis

Extracellular flux analysis was performed as previously described (Robinson et al.,
2012) using a Seahorse XF24 analyser. Seahorse assay cartridges were hydrated
in Seahorse calibrant 24 h prior to experimentation. Z138 or UPN1 cells were
seeded at 0.2 x 10° cells/ml in appropriate RPMI 1640 media 48 h prior to
experimentation. Cells were then centrifuged at 300 x g for 5 min for 3 cycles,
resuspending the cells in 10 ml unbuffered DMEM (pH 7.4) between each
centrifugation, either containing 11.1 mM glucose, 11.1 mM galactose, 5 mM 2DG
+ 11.1 mM glucose or no glucose; all were supplemented with 2 mM glutamax, 1
mM sodium pyruvate and 31.6 mM NaCl. Seahorse XF24 cell culture plates were
coated with 40 pl of a Cell-Tak solution (16.6 mM NaOH, 100 mM Na,COg (pH 8),
40 pl Cell-Tak™), and left at room temperature for 20 min, then washed 3 times in
1 ml sterile PBS. Cells were seeded at 4.5 x 10° cells/well and centrifuged at 60 x g
for 2 min at room temperature. Cells were then left to ‘stick’ to the plate for 1 hin a
CO, free, non-humidified incubator at 37°C. This process also allowed the pH to
equilibrate in un-buffered media. The final volume of unbuffered medium in each

well was 675 pl.

The ATP synthase inhibitor oligomycin was prepared in 100% ethanol to give a
stock solution of 10 mM, which was further diluted to 5 pM in unbuffered DMEM
immediately prior to experimentation. The protonophore FCCP was prepared in
100% ethanol to give a stock solution of 10 mM, which was further diluted to 4 uM
in unbuffered DMEM immediately prior to experimentation. The NADH
dehydrogenase inhibitor rotenone was prepared in DMSO to give a stock solution
of 5 mM, which was further diluted to 10 uM in unbuffered DMEM immediately prior
to experimentation. The cytochrome ¢ — oxidoreductase inhibitor antimycin was
prepared in 100% ethanol to give a stock solution of 5 mM, which was further
diluted to 10 pM in unbuffered DMEM immediately prior to experimentation. All

inhibitor solutions were made to pH 7.4 when diluted in the appropriate DMEM.

The mitochondrial inhibitors: oligomycin A; FCCP; rotenone and antimycin were
loaded into the drug delivery ports of the hydrated assay cartridge, where ports A,
B, C and D contained: 75, 83, 90 and 100 pul respectively. Sequential injection of
the desired drugs resulted in a 1:10 dilution to give the final concentrations of:
oligomycin; FCCP; rotenone; antimycin were: 500 nM; 400 nM; 1 uM and 1 puM
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respectively, unless otherwise indicated in the figure legends. Oxygen consumption
rates (OCR) and extra cellular acidification rates (ECAR) were then measured in

real time

2.2.13 ATP levels

ATP levels were obtained using the CellTiter-Glo® Luminescent Cell Viability
Assay (Promega) following the manufacturer’s instructions. Briefly, Z138 cells were
treated with 5 mM 2DG or PBS (0 h control) for the indicated time points; and
harvested between 0.8 — 1.2 x 10° cells/ml. Control and treated cells were diluted
in culture medium to give 2 x 10* cell in 100 pl and aliquoted into an opaque-walled
96 well plate. Control wells contained 100 pl culture media to correct for
background. CellTiter-Glo® reagent was added in a 1:1 ratio (100 pl/well) and
placed on an orbital shaker for 2 min, then left to equilibrate at room temperature
for 10 min. Luminescence was recorded on a WALLAC VICTOR™ 1420 Multilable

counter
2.3 Immunopurification of mitochondria for mass spectrometry

2.3.1 Subcellular fractionation

Subcellular fractionation was performed prior to immunopurification of mitochondria
(2.3.4). Atotal of 10° 2138 cells cultured in either glucose, galactose, glucose free
or glucose containing treated for 20 h with 5 mM 2DG were centrifuged at 600 x g
for 5 min at 4°C, followed by two sequential washes in ice cold PBS and
centrifugation at 600 x g for 5 min at 4°C. Cell pellets were resuspended in 2 x
pellet cell volume (PCV) of ice cold RSB buffer (10 mM KCI; 1.5 mM MgCl,; 10 mM
HEPES-KOH; pH 7.5 with EDTA-free protease inhibitors Roche) and incubated on
ice for 10 min. Resuspended cells were then mechanically homogenised using a 2
ml Dounce homogeniser for 30 strokes and added to 2 x PCV of 2.5 X MS Buffer
(525 mM mannitol; 175 mM sucrose; 12.5 mM HEPES-KOH; 2.5 mM EDTA,; pH
7.5 with EDTA-free protease inhibitors (Roche)) and 200 ul of lysate sample
collected. The remaining lysate was centrifuged a 900 x g for 10 min at 4°C, the
supernatant was removed and the pellet was resuspended in 100 pl HIM buffer
(200 mM mannitol; 70 mM sucrose; 10 mM HEPES-KOH; 1 mM EGTA; pH 7.5 with
EDTA-free protease inhibitors (Roche)) (nuclei fraction 1). Supernatants were

centrifuged at 1100 x g for 10 min at 4°C, the supernatant collected and the pellets
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were resuspended in 100 pl HIM buffer (nuclei fraction 2). Supernatants were spun
at 10000 x g for 15 min at 4°C, the supernatant was collected and stored for the
cytosolic fraction. The remaining mitochondrial pellets were each resuspended in
200 pl HIM buffer and combined into one Eppendorf tube, then centrifuged at
10000 x g for 10 min at 4°C, the supernatants were discarded and the
mitochondrial fractions were resuspended in 200 pl HIM buffer. From the
mitochondrial fraction, 20 — 70 pl of mitochondrial sample was collected and stored
at -80°C at this point for immunoblotting, HIM buffer was added to the remaining

mitochondrial fraction to make a final volume of 450 pl.

2.3.2 Immobilising antibodies

Using a magnet, the holding buffer was removed from 300 pl Dyna Protein G
beads. The beads were washed sequentially 3 x in 500 pl ice cold PBS-T (PBS +
0.05% Tween) and resuspended in 100 pl PBS-T. TOM20 antibody (Santa Cruz)
(240 pl) was added to the beads and incubated on a roller for 1 h at 4°C. The
supernatant was removed from the beads using a magnet and discarded, the

beads were then cross-linked.

2.3.3 Cross-linking

The immobilised beads were washed twice in 1 ml 0.2 M triethanolamine (TES) pH
8.2 and then resuspended in 1 ml 20 mM DMP (5.4 mg/mL Dimethyl
pimelinediimidate dihydrochloride in 0.2 M TEA, pH 8.2) and incubated on a roller
at room temperature for 30 min. The supernatant was removed using a magnet
and discarded, the beads were then resuspended in 1 mI 50 mM TRIS, pH 7.5 and
incubated on a roller for 15 min at room temperature. The supernatant was
removed using a magnet and discarded, and the beads then washed sequentially 3
x in 1 mlice cold PBS-T. The beads were then resuspended in 100 ul PBS-T and

stored on ice until immunoprecipitation.

2.3.4 Immunoprecipitation

Supernatant was removed from cross-linked beads (2.3.3) and the beads
resuspended with 450 ul isolated mitochondria (2.3.1). The beads were incubated
on adaisy wheel at 4°C for 2 h. The supernatant was removed using a magnet and
stored in an Eppendorf tube at -20°C (flow-through). The beads were washed 3 x
in 1 ml ice cold PBS, supernatant removed and discarded and the beads

53| Page



Chapter 2 Materials and Methods

resuspended in 40 ul 2 X SDS buffer and stored at -20°C. When required for mass
spectrometry analysis, the mitochondria immunopurified beads were heated to
70°C for 10 min to solubilise the mitochondria in 2 X SDS buffer. The beads were
then removed from the solubilised mitochondria using a magnet, and the isolated
mitochondria boiled at 99°C for 4 min. The mitochondrial samples were then
loaded on to a 4-12% Bis-Tris (Invitrogen) Bolt gel and ran 3 cm into the gel to
separate proteins. The gels were then stained with INSTANTBLUE™ (Expedeon)

to visualise protein banding.
2.4 Mass spectrometry

2.4.1 Sample preparation
Mass spectrometry was performed in collaboration with Dr. Claudia Langlais from
the MRC Toxicology Protein Profiling Group.

Coomassie stained gels from the immunoprecipitation experiment (2.3.4) were cut
into 12 slices per lane. The lanes contained either glucose, galactose, glucose free
or 2DG treated mitochondria. Coomassie stained slices were placed into individual
wells of 96-well PCR plates, then destained with 50 mM ammonium bicarbonate /
100% acetonitrile. Following destaining, the samples were reduced with 10 mM
dithiothreitol for 20 min at 56°C and alkylated with 100 mM iodoacetamide in the
dark for 20 min. The samples were then washed 3 X with 50 mM ammonium
bicarbonate / 100% acetonitrile. The destained, alkylated gel slices were then
resuspended with 15 pl Trypsin digestion buffer (11.11 pg/mlin 25 mM ammonium
bicarbonate; Sequencing Grade Modified Trypsin, Promega Corporation, Madison,
Wisconsin, USA). The plate was sealed and incubated at 30°C overnight. To each
well containing a gel slice, 80 pl of 0.2% trifluoroacetic acid was added and the
plate was incubated for 1 h at room temperature. The extracted samples were
transferred to 0.5 ml Eppendorf tubes and dried for 1 h with a Savant DNA Speed
Vac (Thermo Scientific, Waltham, MA, USA). The dried peptide samples were
resuspended with 5% formic acid/acetonitrile (9:1), vortexed, and transferred to
glass vials by combining two samples into one vial. For quantitation of protein, the
samples were spiked with two internal standards, ADH1 from yeast and bovine
serum albumin, to give a final concentration of 20 fmol/pl (MassPREP standards,

Waters Corporation, Manchester, UK).
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2.4.2 Mass spectrometry analysis

The peptide mixtures were analysed by nanoflow liquid chromatography coupled to
a Synapt G2S mass spectrometer (NanoAcquity UPLC system and Synapt G2S
mass spectrometer, Waters Corporation, Manchester, UK) using a 25 cm X 75 pm
[.D., 1.7 um, BEH130 C18 column. Samples (2 ul injections) were separated using
a reversed phase 90 min solvent gradient (3% to 40% acetonitrile) at 0.3 pl/min.
Mass spectrometry analysis was performed in a data-independent manner using
ion mobility (HDMSF), with IMS wave velocity set to 650 m/s in the helium cell. The
mass spectrometer was programmed to step between low energy (4 eV) and
elevated collision energies (20-50 eV) in the gas cell, using a scan time of 1 s and
a mass range of 50-2000 m/z. Each biological sample was run on the mass

spectrometers twice to generate technical duplicates.

2.4.3 Database search and protein identification

Raw data files were analysed using ProteinLynx Global SERVER (PLGS version 3,
Waters Corporation, Manchester, UK) in combination with ISOQuant (J6rg Kuharev
and Stefan Tenzer, University of Mainz, Germany, open source under:
http://www.immunologie.uni-mainz.de/isoquant/), and TransOmics Informatics for
Proteomics (version 1.1, Nonlinear Dynamics, Newcastle, UK). The human UniProt
database (UniProtKB/SwissProt, release 2013 _01, 06.02.2013, 20233 entries) was
used for TransOmics data analysis, with a later version of the same database used
in PLGS/IsoQuant, including reverse sequences (release 2014 05, 11.06.14,
20265 entries). PLGS and ISOQuant data were used for “TOP 3” absolute
quantification of proteins from protein complexes, whereas TransOmics was
utilised for label-free quantification of relative normalised abundancies and

principal components analysis (PCA) of the whole dataset.

2.4.4 Label free quantitation using TransOmics

Raw data files were imported directly into TransOmics Informatics for Proteomics
(version 1.1, Nonlinear Dynamics, Newcastle, UK) and gel slices analysed in
separate data files. Samples were run in duplicate generating a total of 16 sample
runs per gel slice, displayed as 2D ion intensity maps. Retention time limits were
set to 15 min and 85 min. A reference run was selected automatically and runs

automatically aligned, with poorly aligned runs realigned manually by inserting 4 to
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8 seeding vectors. The peak picking algorithm assembled the pattern of feature
outlines, which were used for normalisation correction. Samples were sorted into
experimental groups and database searching performed with identical PLGS
settings, with exception that the FDR was set to 4%. Identified peptides were
further refined by deleting identifications with less than 2 hits and with a score of
5.5 or less. Any peptide sequence with a length of less than six amino acids was
also deleted. Conflict resolution was carried out manually by assigning peptides to
the protein with the highest probability score. TransOmics data files were then
assembled to generate one “Multi Fraction Experiment” TransOmics data file,
which was used for comparisons of relative normalised abundances and principal

components analysis (PCA) of the whole dataset.

2.4.5 Ingenuity pathway analysis

From the TransOmics data generated by Dr. Claudia Langlais, the Protein
Accession codes, the fold change data between glucose and galactose runs, along
with the p values generated by TransOmics were copied into an excel spread
sheet. Ingenuity Pathway Analysis (http://www.ingenuity.com/) (QIAGEN) was
launched and a new core analysis was selected. The excel spreadsheet containing
fold change, p-values and accession numbers was uploaded. For the species
selection tab, all were deselected except human. For the tabs: tissue and cell lines;
molecule types; diseases; biofluids; biomarkers, all options were selected. The cut

off value was set for p < 0.05, then a ‘core analysis’ was run.

In the results/analysis pane, the canonical pathways tab was selected and
displayed as a stacked bar chart to show up and down regulated pathways.
Metabolic and apoptotic pathways were selected manually to draw a schematic in
Corel Draw X6 of alterations following metabolic reprogramming in Z138 cells

cultured in galactose media (Chapter 5).
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3.1Introduction

In the 1920’s Otto Warburg showed that cancer cells preferentially utilise aerobic
glycolysis at the expense of energetically favourable mitochondrial oxidative
phosphorylation (Warburg et al., 1927; Warburg, 1956). Warburg ascribed this
metabolic reprogramming from oxidative phosphorylation to glycolysis as a result
of mitochondrial defects. Now universally known as the ‘Warburg effect’, metabolic
reprogramming has emerged as a cancer hallmark (Hanahan & Weinberg, 2011)
and there is intense ongoing academic and industrial research into its therapeutic
significance. Although cancer cells do have a propensity for aerobic glycolysis, itis
now known that it occurs concomitantly with mitochondrial oxidative
phosphorylation (Jose et al., 2011; Solaini et al., 2011). Increased glycolysis
results in enhanced carbon flux into subsidiary carbon shunt pathways branching
from various steps in glycolysis. The most important of these for rapid
uncontrollable tumour cell growth is the pentose phosphate shunt (PPP) (Reviewed
in Tennant et al., 2010) (see chapter 1.5). Due to the survival and growth
advantages conferred by increased glycolysis, many studies have looked at the
effects of glucose deprivation on cancer cell death (Robinson et al., 2012; Gonin-
Giraud et al., 2002; Yuneva et al., 2007; Lee et al., 1997; Caro-Maldonado et al.,
2010; Zhao et al., 2008; Mendivil-Perez et al., 2013; Vander Heiden et al., 2001;
Alves et al., 2006).

The extrinsic apoptotic cell death pathway is an ATP-dependent mechanism, and
previous studies have shown that it is ATP levels that determine whether a cell
dies via apoptosis or necrosis (Leist et al., 1997). However, various studies have
been published offering conflicting data, arguing that a decrease in cellular ATP
levels causes a sensitization to death receptor-mediated apoptosis (Leist et al.,
1997; Halicka et al., 1995; Munoz-Pinedo et al., 2003; Nam et al., 2002; Wood et
al., 2008). This is contrary to other reports arguing that apoptotic cells display
higher ATP levels (Zamaraeva et al., 2005). To complicate the issue further, ATP
levels are modulated through metabolism, and some studies indicate that cells
deprived of glucose are more sensitive to cell death (Pradelli et al., 2010), whilst
others have shown conflicting evidence to argue that certain cell lines/types are
instead more resistant to cell death when deprived of glucose (Robinson et al.,
2012).
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Apoptosis was once considered the sole form of programmed cell death, however
recent evidence suggests that certain types of necrosis are also tightly regulated
processes, such as ‘necroptosis’ (Han et al., 2011). Necroptosis is thought to be an
evolutionary conserved ‘back-up’ mechanism, used to clear viral infections that can
inhibit caspase-dependent apoptosis (Cho et al.,, 2011; Kaiser et al.,, 2013).
Necroptosis is signalled via the ‘necrosome’, a multi-protein complex that contains
receptor interacting protein kinase-1 and -3 (RIPK1 and RIPK3) and mixed lineage
kinase domain-like protein (MLKL) (Linkermann & Green, 2014). Necroptosis is
inhibited by caspase activation via caspase-8 mediated cleavage of RIPK1 and
RIPK3. Thus, following caspase-8 inhibition, necroptosis may occur in certain cell

lines, instead of apoptosis (reviewed in Linkermann & Green, 2014)

Work previously performed in our laboratory has shown that the mantle cell
lymphoma derived cell line, Z138, is resistant to both TRAIL and ABT-737-induced
apoptosis when maintained in glucose-free media (Robinson et al., 2012). The
aims of this chapter were to determine if chronic glucose deprivation confers the
same resistance to TRAIL and results in the same metabolic reprogramming in
another mantle cell lymphoma derived cell line, namely, UPNL1 cells. Additionally
the study set out to identify if ‘aerobically poising’ the cells affects the mode of cell
death following treatment with death ligands. Firstly, the time and dose-dependent
apoptotic response of UPN1 cells to TRAIL was examined using Annexin-V/PI
staining and flow cytometry. The modes of cell death were additionally examined
by inhibiting either caspase activity with zZVAD.fmk or receptor interacting protein
kinase 1 (RIPK1) activity with necrostatin-1 (Nec-1). Whole cell protein expression
levels were assessed for differences using immunoblotting and finally the
metabolic response to glucose deprivation was analysed using a Seahorse XF24
extracellular flux analyser. The results showed that glucose deprivation resulted in
a slight increase in sensitivity to TRAIL and that the mode of cell death was
caspase-dependent apoptosis in both culture conditions. Strikingly though,
metabolic reprogramming as a result of glucose deprivation prevented the cells
from switching to TRAIL-induced necroptosis following the inhibition of caspase

activity.
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3.2Results

3.2.1 Glucose deprivation alters the cell death phenotypein response
to TRAIL treatment in a dose-dependent manner

Previously published work (Robinson et al., 2012) has shown that chronic glucose
deprivation results in resistance to TRAIL in Z138 cells. To determine if this
phenomenon occurs in another mantle cell lymphoma derived cell line, UPN1 cells
were cultured and maintained in the absence (glucose™®) and presence

+ve

(glucose™®) of 11.1 mM glucose, as detailed in methods (2.2.1). Glucose™ and
glucose™® cells were treated with increasing concentrations of TRAIL (0 — 500
ng/ml) for 4 h and cell death measured using Annexin-V-FITC and Pl staining on a
flow cytometer. A representative example of the FACS data from glucose™* cells
treated with 100 ng/ml TRAIL is shown in Figure 3-1A, which showed a
predominantly apoptotic phenotype, with cells clustered in the PS+/PI- quadrant
(upper left). Interestingly, despite substantial cell death, there was minimal
reduction in the size of the cells, indicated by a minor reduction in forward scatter.
However, glucose™® cells (Figure 3-1B) show a predominantly primary or
secondary necrotic phenotype, PS+/Pl+ (upper right) (Figure 3-1 B), with
significantly more cells showing a reduction in forward scatter and therefore
reduction in size. Glucose™® cells were slightly more sensitive to TRAIL (Figure
3-1C), when assessing the percentage of total cell death, i.e. phosphatidyl serine
positive cells (PS+), the combined values in both the upper left (PS+/Pl-) and
upper right (PS+/Pl+) quadrants, however this was only significant at 20 and 100
ng/ml TRAIL. The TRAIL ECs in glucose™® cells was 54 ng/ml, compared to
glucose™® cells, with an ECsg of 34 ng/ml TRAIL; 37% lower. Strikingly the cell
death phenotype appeared to be different between glucose™® and glucose™ cells.
Glucose™® cells were predominantly apoptotic in phenotype, i.e. PS+/PI- (Figure
3-1C and D) from 50 to 500 ng/ml TRAIL. This was in stark contrast to glucose™®
cells, which displayed a predominantly primary or secondary necrotic phenotype,
i.e. PS+/PI+ (Figure 3-1E) that increased in a dose-dependent manner.

Investigation of caspase activation showed that TRAIL induced a dose-dependent

cleavage and activation of caspase-8 and caspase-3 (Figure 3-1 F).
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Figure 3-1 Glucose deprivation alters the cell death phenotype in response to TRAIL
treatment in adose-dependent manner. UPN1 cells were cultured in the absence (m) or presence
(®) of 11.1 mM glucose, supplemented with 1 mM sodium pyruvate, 2 mM glutamax and 10% FCS.
Cells were treated with 0 — 500 ng/ml TRAIL for 4 h. A) Glucose™"* cells treated with 100 ng/ml
TRAIL, representative example of forward and side scatter, additionally cells predominantly tracked
to the upper left quadrant (PS+/PI-). B) Glucose** cells treated with 100 ng/ml TRAIL representative
example of forward and side scatter, additionally cells mainly tracked to the upper right quadrant
(PS+/PI+).TRAIL dose response showing C) Total cell death (PS+), D) apoptotic cell death (PS+/PI-
) and E) necrotic cell death (PS+/PI+). F) Western blot analysis of caspase-8, caspase-3 and PARP
cleavage following TRAIL dose response. Experiments representative of 3 independent
experiments, error bars £+ SEM. Star (*) represents p < 0.05 (Students t test)
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Processing of pro-caspase 8 to p43/41 was detected at 10 ng/ml TRAIL in both
glucose™® and glucose™® cells. Interestingly however, the stability of the p43/41
fragments appeared to be significantly reduced in glucose™® cells compared to

glucose™®

cells (Figure 3-1F). Processing to the pl8 fragment occurred in
glucose™® cells but not in glucose™® cells; whether processing to p18 had occurred
or whether the cleavage fragments were less stable remains to be determined.

The dose-dependent decrease in pro-caspase-3 intensity was equal between

e e

glucose™® and glucose™® cells. Strikingly however, the caspase-3 cleavage
fragments p20/19/17 were absent in glucose™® cells. This was in contrast to
glucose™® cells, where the p20/19/17 cleavage fragments were clearly detectable.
Processing to pl7 could be seen at concentrations as low as 20 ng/ml in
glucose™ cells. PARP, the caspase-3 substrate, was cleaved to the p85 subunit in
both glucose™® and glucose™* cells at the lowest TRAIL concentration of 10 ng/ml,

which indicated that cell death was caspase-dependent (Figure 3-1F).

3.2.2 Glucose deprivation alters the cell death phenotypein response
to TRAIL within 3 h

Next, to determine if glucose™® cells first underwent apoptosis (PS+/PI-) then
subsequently underwent secondary necrosis (PS+/PI+), thus tracking to the upper
right quadrant, UPN1 cells were treated with 200 ng/ml TRAIL and assessed for
cell death at 0,1,2,3,4,5 and 6 h. Glucose™* cells underwent cell death marginally
faster than glucose™® cells. At 2 h post TRAIL treatment 30% of glucose™® cells
were dead, compared to 40% cell death in glucose™* cells. (Figure 3-2A). There
was no detectable cell death with Annexin-V/PI staining at 1 h post TRAIL
treatment in either culture condition. The percentage of cells undergoing apoptosis
(PS+/P1-) was consistently higher in glucose™® cells. (Figure 3-2B). Whereas
glucose™® cells consistently contained more cells that expressed a PS+/Pl+
phenotype (Figure 3-2C). Glucose™® cells predominantly expressed PS+/PI- cells
at 3 h TRAIL treatment, whereas at 4 — 6 h there was a reduction in PS+/PI- cells,
which indicated that glucose™® cells tracked from the PS+/PI- quadrant to the
PS+/PI+ quadrant in a time-dependent manner.

Investigation of caspase activation showed that TRAIL induced a time-dependent

cleavage and activation of caspase-8 and caspase-3. Processing of pro-caspase-
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Figure 3-2 Glucose deprivation alters the cell death phenotype in response to TRAIL within 3
h. UPN1 glucose™® (m) and glucose™"® (o) cells (as described in Figure 3.1) were treated with 200
ng/mlI TRAIL for O, 1, 2, 3, 4, 5 and 6 h. Annexin-V/PI analysis to show A) Total cell death (PS+), B)
apoptotic cell death (PS+/Pl-) and C) necrotic cell death (PS+/Pl+). D) Western blot analysis of
caspase-8, caspase-3 and PARP cleavage following TRAIL time course. Experiments
representative of 3 independent experiments, error bars + SEM.

8 to p43/41 was barely detectable at 1 h post TRAIL treatment in glucose™® and
glucose™ cells (Figure 3-2D). There was no detectable cleavage of pro-caspase-3
to p17 at this time, however p20 was detected in both glucose™® and glucose™®
cells. Detectability of all three caspase-3 cleavage fragments p20/19/17 occurred
at 2 h post TRAIL treatment in glucose™® cells. As identified in Figure 3-1F,
glucose™* cells displayed minimal detectability of the caspase-3 cleavage fragment
pl7. Despite no PS externalisation detected at 1 h post TRAIL treatment, PARP,
the downstream caspase-3 target started to show minimal cleavage from p116 to

p85 subunit at 1 h post treatment in glucose™® and glucose™* cells.
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3.2.3 The pan-caspase inhibitor zZVAD.fmk does not completely block
TRAIL-induced cell death in glucose™* cells

UPNL1 glucose ™ cells appeared to have a different cell death phenotype compared
to glucose™® cells, with increased PI incorporation and a reduction in forward
scatter (cell size) (Figure 3-1). To determine if cell death was caspase dependent,
UPNL1 cells were pre-treated with increasing concentrations (10 — 100 uM) of the
pan-caspase inhibitor zZVAD.fmk for 30 min, followed by 200 ng/ml TRAIL for 4 h
and then cell death assessed by FACS analysis. Low concentrations (10 pM
zVAD.fmk) blocked TRAIL induced apoptosis in both glucose™® and glucose™®
cells (Figure 3-3A and B). Interestingly, inhibition of caspase activity with zZVAD.fmk
resulted in the appearance of 3 distinct PS populations, alive cells (low PS), cells
with an intermediate PS exposure (circled in Figure 3.3A and B), and classical
apoptotic dead cells (high PS in the upper left quadrant). Cells with intermediate
PS exposure were considered to be ‘alive’ cells, as they resided in the lower left

guadrant.

Strikingly, TRAIL-induced cell death was not completely blocked by any
concentration of zZVAD.fmk in glucose™* cells, 30% of the cells still underwent cell
death (Figure 3-3C), compared to 15% in glucose™ cells. The phenotype of the
remaining cell death in glucose™®
(PS+/PI-) and secondary necrotic (PS+/PI+) (Figure 3-3D and E). At low
concentrations (10 uM zVAD.fmk), TRAIL-induced cell death was blocked in

glucose™® cells, demonstrating a completely caspase-dependent apoptotic

cells was split equally between apoptotic

response. Investigation of caspase activation showed that zZVAD.fmk blocked
cleavage of pro-caspase-3, but not did not prevent processing of pro-caspase-8
(Figure 3-3F). The relative intensity of pro-caspase-8 was markedly reduced
(Figure 3-3F) in glucose™® and glucose™ cells when pre-treated with zVAD.fmk
followed by TRAIL. This suggested the block may have occurred down stream of
initial auto-proteolytic cleavage or that zZVAD.fmk induced the degradation of pro-
caspase-8. The p43/41 cleavage fragments were not detected in either glucose™"®
or glucose™® cells following zVAD.fmk pre-treatment compared to untreated
controls. Additionally, there was no reduction in total band intensity of pro-caspase-

3, and the p20/19/17cleavage fragments were not detected. Lack of cleavage of
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Figure 3-3 Caspase inhibition does not completely block TRAIL-induced cell death in
glucose™® UPN1 cells. UPN1 glucose™ (m) and glucose™ (e)cells (as described in Figure 3.1)
were pre-treated with 0 — 100 yM zVAD.fmk for 30 min followed by 200 ng/ml TRAIL for 4 h. A)
Glucose™ cells: untreated; treated with 200 ng/ml TRAIL and 10 uM zVAD.fmk + 200 ng/ml TRAIL
showed an incomplete block in PS+/PI- cells following caspase inhibition B) Glucose™ cells:
untreated; treated with 200 ng/ml TRAIL and 10 pM zVAD.fmk + 200 ng/ml TRAIL; showed a
complete block in PS+/PI- cells following caspase inhibition. Inhibition curve following zVAD.fmk
and TRAIL treatment showing C) Total cell death (PS+), D) apoptotic cell death (PS+/PI-) and E)
necrotic cell death (PS+/Pl+). F) Western blot analysis of caspase-8, caspase-3 and PARP
cleavage following zVAD.fmk inhibition of TRAIL cell death. Experiments representative of 3
independent experiments, error bars + SEM.
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pro-caspase 3 and PARP, suggested that the residual cell death in UPN1
glucose™® cells was caspase-independent.

3.2.4 Glucose™® cells are unable to switch to TRAIL-induced
necroptosis

Cell death in UPN1 glucose™® cells was not completely blocked by zVAD.fmk,
which has been shown to switch death ligands to activate the necroptotic pathway
in certain cell lines/types ( reviewed in Linkermann & Green, 2014; Dickens et al.,
2012b). Therefore, UPN1 cells were next pre-treated (30 min) with different
combinations of 10 uM zVAD.fmk and/or 50 uM Necrostatin-1 (Nec-1), an inhibitor
of RIPK1 and necroptosis (Degterev et al., 2005), followed by 200 ng/ml TRAIL for
4 h. Figure 3-4A and C showed as in Figure 3-3A that zZVAD.fmk alone did not
completely block apoptosis in UPN1 glucose*"® cells. The RIPK1 inhibitor, Nec-1,
alone conferred no resistance to TRAIL-induced apoptosis in either glucose™* or
glucose™® cells (Figure 3-4C). This was expected, since necroptosis is only
activated upon inhibition of caspases; as caspase-8 cleaves RIPK1, thus inhibiting
necrosome formation and subsequent activation of necroptosis (Lu et al., 2011).
However, combined treatment with zVAD.fmk and Nec-1 completely abrogated
TRAIL-induced cell death in glucose™® cells. The combination of these results
indicated that UPN1 glucose ™ cells switched to necroptosis when caspases were
inhibited followed by death ligand binding. In contrast, glucose deprivation
conferred a type of resistance to apoptotic inducers by preventing programmed
necrosis as TRAIL-induced cell death was completely dependent on caspase
activity (blocked by zVAD.fmk). Interestingly, the combination of Nec-1 and
zVAD.fmk pre-treatment, blocked the TRAIL-induced generation of the
intermediate PS population of cells in both glucose™® and glucose™* cells. This
data indicated that there was a RIPK1-dependent population of cells that displayed
intermediate PS externalisation to the outer leaflet of the plasma membrane, which

was independent of caspase activity.

Investigation of caspase activation (Figure 3-4D) showed that pro-caspase-8 auto-
proteolytic processing was not blocked in the presence of 10 yM zVAD.fmk in both
glucose™® and glucose™* cells, however the caspase-8 cleavage fragments p43/41
were not detectable. In line with this, zZVAD.fmk inhibition blocked processing of

pro-caspase-3 in glucose™® and glucose™® UPN1 cells.
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Figure 3-4 Metabolic reprogramming prevents UPN1 cells from switching to TRAIL-induced
necroptosis. UPN1 glucose™® (m) and glucose™* (e) cells (as described in Figure 3.1) were pre-
treated with 10 yM zVAD.fmk and/or 50 uM Nec-1 for 30 min, followed by 200 ng/ml TRAIL for 4 h.
Representative examples of Annexin-V/PI FACS data from cells treated with different combinations
of inhibitors in the presence of glucose A) showed a complete block in cell death following
zVAD.fmk and Nec-1 combinatorial pre-treatment, while glucose™® cells B) showed a complete
block in cell death following zVAD.fmk alone. C) Total cell death (PS+) analysis after zVAD.fmk,
Nec-1 and TRAIL D) Western blot analysis of caspase-8, caspase-3 and PARP cleavage following

zVAD.fmk and Nec-1 inhibition of TRAIL cell death. Experiments representative of 2 independent
experiments.
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The RIPK1 inhibitor Nec-1 did not prevent processing of either pro-caspase-8 or
pro-caspase-3 when used to pre-treat the cells alone, in either glucose™ or
glucose ™ cells. Cell death and caspase-3 processing was completely blocked by
the combination of zZVAD.fmk and Nec-1. This data showed that glucose™ cells
were unable to switch to necroptosis in the presence of TRAIL and that the
remaining cell death in glucose™* cells was caspase-independent, but dependent
on RIPK1.

3.2.5 Glucose deprivation induces minimal changes in whole cell
protein expression of key anti- and pro-apoptotic proteins

As sensitivity to TRAIL and the cell death phenotype observed could be a result of
differential expression of Bcl-2 family members, whole cell protein expression of a
panel of key anti- and pro-apoptotic proteins was assessed by immunoblotting
(Figure 3-5). There were no changes in the expression of the initiator of the
intrinsic apoptosis pathway, pro-caspase-9. Additionally there were no changes in
the total expression levels of the initiator of the extrinsic apoptotic pathway, pro-
caspase-8. Downstream executioners’ pro-caspase-3 and pro-caspase-7
additionally displayed no altered protein expression in glucose™ cells compared to
glucose™® cells (Figure 3-5A). This is in contrast to the work previously published
from our laboratory (Robinson et al., 2012), which showed Z138 cells chronically

deprived of glucose had increased pro-caspase-8 and pro-caspase-3 expression.

Profiling of BH3 only proteins (Figure 3-5B) showed minimal changes in
expression, with a small reduction in expression of both Bad and Puma in glucose’
‘¢ cells. There were no detectable changes in the expression of Bid, which links the
extrinsic to the intrinsic apoptotic pathway (see chapter 1.4.2). Profiling of Bax and
Bak protein expression (Figure 3-5B) showed there was no change in the levels of

either Bax or Bak protein between glucose™® and glucose™ cells.

Additionally, profiling of anti-apoptotic proteins (Figure 3-5C) showed a reduction in
protein expression of the anti-apoptotic proteins Bcl-x., Mcl-1 and XIAP. Previous
studies published on UPNL1 cells have demonstrated that there is no Bcl-2 mRNA
or protein expression (Touzeau et al., 2011). In line with this, immunoblotting
analysis did not detect any Bcl-2 protein (data not shown). These findings

correlated with the slightly increased sensitivity to TRAIL, indicating that reduction
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in expression of both Bcl-x. and XIAP may have conferred sensitivity to TRAIL-
induced apoptosis.

Due to the observation that UPNL1 cells were unable to switch to necroptotic cell
death following TRAIL treatment in glucose™* cells, expression levels of one of the
key proteins involved in necroptosis, and the target of necrostatin-1, RIPK1 was
assessed (Figure 3-5 D). There were no changes in the expression of RIPK1
between glucose™® and glucose™® UPNL1 cells.
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Figure 3-5 Metabolic reprogramming induces minimal changes in key pro- and anti-
apoptotic proteins. UPN1 glucose™* cells (+) and glucose ™ cells (=) were solubilised in sample
buffer and were subjected to SDS-PAGE and immunoblotted for A) expression levels of pro-
caspases -9, -8, -7 and -3; B) pro-apoptotic Bcl-2 family members; C) anti-apoptotic Bcl-2 family
members and D) Nec-1 target RIPK1.

3.2.6 Glucose'® UPN1 cells undergo mitochondrial metabolic
reprogramming

In Z138 cells, glucose deprivation resulted in metabolic reprogramming to up-
regulate oxidative phosphorylation to compensate for ablation of glycolytic derived
energy (Robinson et al., 2012). Therefore, this study set out to determine if glucose
deprivation in UPNL1 cells resulted in the same metabolic reprogramming as seen
in Z138 cells. Using a Seahorse XF24 extracellular flux analyser, measurements of
oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were

assessed.
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UPN1 glucose™® and glucose™® cells were seeded on XF24 micro-culture plates at
4.5 x 10° cells/well, as detailed in methods (section 2.2.12). The levels of oxygen
consumption were measured as real time rates; 4 initial measurements were
acquired over a 30 min period to attain the basal level of OCR. The readings
obtained represented the combined rates of oxygen consumed through oxidative
phosphorylation and non-mitochondrial sources (see Figure 3-6A for an
explanation). As shown in Figure 3-7A and B, the basal levels of oxygen
consumption were 260 pmol/min/10° cells in glucose™® cells; 35% higher than
glucose™® cells which had a basal OCR of 190 pmol/min/10° cells. This showed
that following glucose deprivation, UPN1 cells were more dependent on
mitochondrial function to maintain cellular homeostasis. The increased basal OCR
in glucose™® cells was accompanied by a reduction in glycolysis (ECAR); this
metabolic reprogramming is depicted by the shift and highlighted by the arrow in
Figure 3-7C.

Following basal readings, the ATP synthase inhibitor oligomycin was injected to
give a final concentration of 500 nM. Inhibition of ATP synthase activity blocks the
import of protons from the mitochondrial inter-membrane space (IMS) to the
mitochondrial matrix (see chapter 1.7), and hyperpolarises the mitochondrial
membrane. The difference in OCR between the basal levels obtained and the
readings generated after addition of oligomycin was representative of oxygen
consumption directly attributed to ATP linked mitochondrial oxidative
phosphorylation (See Figure 3-6 for an explanation). UPN1 glucose™ cells had an
enhanced level of oxidative phosphorylation linked to ATP production compared to
glucose™® cells with 200 pmol/min/10° cells compared to 110 pmol/min/10° cells
respectively; this represented an increase of about 90% (Figure 3-7B). This data
indicated that following glucose starvation, UPN1 cells underwent metabolic
reprogramming to upregulate basal and ATP linked mitochondrial oxidative
phosphorylation. As glycolytically derived pyruvate was absentin UPN1 glucose™®
cells, mitochondrial function was maintained through exogenously supplemented
pyruvate and glutamine. Glutamine is converted to glutamate then a-ketoglutarate,
which feeds directly into the tricarboxylic acid (TCA) cycle (Hensley et al., 2013).

After oligomycin readings were attained, FCCP was sequentially injected into each
well to give a final concentration of 400 nM. FCCP is a chemical protonophore that
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Figure 3-6 Representative examples of bioenergetics data obtained from a Seahorse XF24
analyser. UPN1 glucose™® and glucose™* cells (as described in Figure 3.1) were seeded at 4.5 x
10° cells/well OCR and ECAR values were generated using a 24 well Seahorse extracellular flux
analyser. Mitochondrial inhibitors were injected sequentially to give the following final
concentrations: Oligomycin 500 nM; FCCP 400 nM and rotenone 1 uM. A) Typical OCR trace after
mitochondrial stress test. B) ECAR trace generated when cells are cultured in the presence of
glucose. C) ECAR trace generated when cells are cultured in the absence of glucose.
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Figure 3-7 Glucose deprivation results in metabolic reprogramming of UPN1 cells. UPN1
glucose™* (blue bars) and glucose™® cells (as described in Figure 3.1) (red bars) were loaded into
a Seahorse XF24 analyser. A) Oligomycin, FCCP and rotenone were sequentially injected to
generate a mitochondrial stress test. B) Using Figure 3-6 bioenergetic parameters were calculated
to show basal, ATP linked, maximal, reserve capacity, proton leak and non-mitochondrial OCR
values. C) Basal OCR and ECAR values were plotted against each other to show metabolic
reprogramming following glucose deprivation. D) Using the same injections as in (A) ECAR values
were generated E) and plotted as a bar chart. F) Using Figure 3-6 the glycolytic and mitochondrial
acidification rates were calculated. Experiments representative of 3 independent experiments, error
bars + SEM. Star (*) represents p < 0.05 (Students t test)
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uncouples the ATP synthase from the respiratory chain (See chapter 1.7). Addition
of FCCP generated an OCR value representative of the theoretical maximal
respiration (See Figure 3-6 for explanation). The difference between maximal
respiration and basal OCR represented the reserve respiratory capacity (RRC)
(See Figure 3-6 for explanation) available to the mitochondria under conditions of
energetic stress. The maximal respiration of UPN1 glucose™ cells (216
pmol/min/10° cells) was 18% lower than glucose™® cells (263 pmol/min/10° cells)
(Figure 3-7B). Additionally, glucose™® cells had a negative RRC of -46
pmol/min/10° cells, while glucose™ cells had a RRC of 76 pmol/min/10° cells
(Figure 3-7B). These data showed that glucose™ cells were respiring maximally, in
state-3 respiration. Comparatively, glucose™® UPN1 cells had the ability to up-

regulate mitochondrial oxidative phosphorylation when required.

Closer analysis of the OCR trace (Figure 3-7A) showed that following FCCP
stimulated respiration, OCR values dropped at each 7 min reading in glucose™®
cells. This ‘energetic-instability’ did not occur in cells deprived of glucose. Why this
phenomenon occurred is not known. Speculatively; it may have been due to the
depletion of substrate (NADH), or alternatively FCCP efflux from the cell, as it can
permeate through the plasma membrane. To account for this, only the first reading
of the 4 generated, following FCCP injection was used to calculate the maximal

and reserve values.

The final injection in Figure 3-6A was the NADH dehydrogenase (complex 1)
inhibitor, rotenone (see chapter 1.7), which inhibits the most upstream component
of the respiratory chain. The difference in OCR values between oligomycin and
rotenone addition generated a value referred to as the proton leak (See Figure 3-6
and chapter 1.7 for explanation). The proton leak in glucose™® cells was 34
pmol/min/10° cells, 28% lower than in glucose™"® cells which was 46 pmol/min/10°
cells (Figure 3-7B). These data showed that the mitochondrial electron transport
chain in glucose™® cells was more tightly coupled to the ATP synthase than

glucose™® cells.

Any rate of oxygen consumption generated after the addition of rotenone is from
succinate and complex Il or non-mitochondrial oxidation of oxygen (see Figure 3-6

for explanation), generated for example by trans-plasma membrane electron
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transport occurring at the cellular plasma membrane (Herst & Berridge, 2007) or
some of the many cellular oxidases. There were no significant differences in the
rates of non-mitochondrial OCR between glucose™® and glucose™* cells, 18 vs 21

pmol/min/10° cells respectively (Figure 3-7B).

3.2.7 Glucose deprived UPN1 cells generate an extracellular
acidification rate independently of glycolysis

In Z138 cells, chronic glucose deprivation did not completely ablate extracellular
acidification rates (ECAR), which is normally attributed to glycolysis (Robinson et
al., 2012). To determine if this phenomenon occurred in UPNL1 cells, the Seahorse
XF24 extracellular flux analyser was used to take real time ECAR measurements
following the same stress test as in 3.2.6. UPN1 glucose™® cells had a residual
basal ECAR of 10 mpH/min/10° cells, 5 x lower than glucose*"® cells, which had a
basal ECAR of 47 mpH/min/10° cells (Figure 3-7D and E), which indicated that an
acidification event independent of glycolysis had occurred. The addition of
mitochondrial respiratory chain inhibitors produced markedly different results in
glucose™® (Figure 3-6B and Figure 3-7D) versus glucose™® UPN1 cells (Figure
3-6C and Figure 3-7D). In UPNL1 glucose™® cells, the addition of oligomycin
induced a burst of ECAR, referred to as the maximal level of glycolysis the cells
are capable of (See Figure 3-6B for explanation), which was 59 mpH/min/10° cells
(Figure 3-7F). The difference between the oligomycin induced burst of ECAR and
basal value is the spare glycolytic capacity (Figure 3-6B); the extra amount of
glycolysis that can be used under conditions of energetic stress, such as inhibition
of mitochondrial function. UPN1 glucose™"® cells had a minimal spare glycolytic

capacity of 12 mpH/min/10° cells (Figure 3-7F).

The addition of FCCP to UPN1 glucose™* cells resulted in a reduction in ECAR to
38 mpH/min/10° cells (Figure 3-7D and E). The difference between the basal rate
and initial FCCP rate showed reduced acidification rates, possibly as a result of
protonophore driven proton influx from the media to the cytosol (see Figure 3-6B
for explanation). The following three readings showed ECAR values moderately
increased in UPN1 glucose™* cells (Figure 3-6B and Figure 3-7D). This may have
been a result of the protonated FCCP efflux back to the media following the initial

un-coupler stimulated respiratory burst as shown in Figure 3-7A.
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To gauge the rates of acidification that were generated by non-glycolytic means,
UPNL1 glucose™ cells were also analysed on the Seahorse XF24. As mentioned
previously, there was still a basal level of ECAR of 10 mpH/min/10° cells. Addition
of oligomycin blocked respiratory chain function and induced a reduction in
acidification rates. The difference between the basal rate and the oligomycin rate in
glucose™® cells represented the rate generated by ATP linked respiratory chain
driven acidification (see Figure 3-6C for explanation) which was 7 mpH/min/10°
cells (Figure 3-7F)

The addition of FCCP to glucose™® cells induced a burst of ECAR (Figure 3-7D)
which was in contrast to the first reading obtained for glucose™ cells where FCCP
reduced ECAR (Figure 3-7D). The burst in ECAR was likely due to proton
extrusion from the mitochondria to the cytosol/media after uncoupling of the
respiratory chain. The level of ECAR did not return to basal rates, which was likely
due to the FCCP returning most of the protons to the mitochondrial matrix. The
addition of rotenone completely blocks the respiratory chain at the most upstream
component; any remaining ECAR observed following rotenone was non-
mitochondrial and non-glycolytic acidification (NMA) (2 mpH/min/10° cells). The
difference between oligomycin and rotenone mediated inhibition of ECAR
represented acidification generated from the mitochondrial proton leak (1
mpH/min/10° cells). The addition of the ATP linked acidification and the proton leak
mediated acidification represented the total ECAR attributed to respiratory chain
driven acidification (RCDA) (8 mpH/min/10° cells — Figure 4.7 F).

75| Page



Chapter 3 Glucose deprivation prevents UPN1 cells from
switching to TRAIL-induced necroptosis

3.3Discussion

Previous work carried out in our laboratory has shown that Z138 cells, a mantle cell
lymphoma derived cell line is resistant to TRAIL and ABT-737-induced cell killing
when chronically deprived of glucose (Robinson et al., 2012). My study sought to
determine if this phenomenon also occurs in another MCL derived cell line. As
such, UPNL1 cells were chronically deprived of glucose (at least 7 days before
experimentation) and treated with increasing concentrations of TRAIL. Although
UPNL1 cells are viable in the absence of glucose, they proliferate much more
slowly, owing to the ablation of carbon flux through the PPP, and therefore a
reduction in macromolecules essential for proliferation. TRAIL treatment results in
minimally increased total cell death in glucose deprived cells compared to cells
cultured in the presence of glucose. The mode of cell death in glucose deprived
UPNZ1 cells appears to be secondary necrosis, as observed by increased PI
staining, indicative of permeabilisation of the cell plasma membrane, because cell
death is completely blocked by caspase inhibition. The alternate cell death
phenotype is accompanied by reduced stability of the caspase-8 cleavage
fragments p43/41, and caspase-3 cleavage fragments p20/19/17. Reduced
cleavage fragment detectability may be a result of targeted proteasomal
degradation. A recent report has shown that TRAF2 results in K48 — linked
polyubiquitination of the large caspase—8 catalytic domain targeting it for
proteasomal degradation (Gonzalvez et al., 2012). It may be possible that this
process is increased in glucose deprived UPNL1 cells. Interestingly, when trying to
mimic the effects of glucose deprivation in UPNL1 cells by addition of 5 mM 2DG for
20 h, UPN1 cells undergo ~60% cell death (data not shown). This highlights, like
previously described (Robinson et al., 2012), that 2DG and glucose deprivation
cannot be used interchangeably. Why 2DG alone induces cell death in UPNL1 cells

is unclear and was not examined any further.

Time-dependent induction of TRAIL-induced cell death is not significantly different
between UPNL1 cells cultured in the presence or absence of glucose. Annexin-V/PI
staining shows apoptosis induction occurs at 2 h with 100 ng/ml TRAIL.
Interestingly, PARP cleavage is detected at 1 h post TRAIL treatment indicating a
potential time lag between caspase-3 mediated cleavage of PARP and activation

of the flipases that promote externalisation of phosphatidyl serine.
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As Nec-1 does not block cell death and zZVAD.fmk protects from TRAIL under both
culture conditions, this would argue that cell death is caspase-dependent and not
primary but secondary necrosis. This indicates that the transition in cell death from
apoptosis to secondary necrosis is much more rapid in UPN1 cells deprived of
glucose. In addition to this, zZVAD.fmk does not completely protect UPN1
glucose™® cells from TRAIL-induced apoptosis, but when used concomitantly with
Nec-1, cell death is completely abrogated (Figure 3-8). This suggests that the
mode of cell death can switch to necroptosis in the glucose®™® cells, but not in
glucose™® cells. Interestingly, caspase inhibition with zZVAD.fmk results in a third
population of cells termed PS intermediate in both glucose™ and glucose™® cells.
This intermediate level of PS exposure, along with high PS exposure in glucose™®
cells (figure 3-3A) following zZVAD.fmk and TRAIL treatment is completely blocked
with the RIPK1 inhibitor Nec-1. These data suggest that activation of the
necrosome complex results in partial exposure of PS to the outer leaflet of the
plasma membrane, independent of the traditional caspase dependent activation of
flipases. Whether the necrosome can activate flipases has yet to be described.
Metabolic reprogramming therefore confers a type of resistance to TRAIL,
depending on the glucose availability. Previous studies have shown that
necroptosis proceeds in glucose free conditions when subjected to hypoxic
conditions (oxygen glucose deprivation (OGD)) (Huang et al., 2013; Chen et al.,
2012). Importantly, these studies used OGD to induce necroptosis in the absence
of death ligands. This is the first study to identify that in certain cell lines/types, the
glycolytic pathway is critically required for TRAIL-induced necroptotic signalling,
highlighting a link between cell metabolism and cell death signalling in tumour

cells.

Further to this, in UPN1 glucose™® cells there appears to be only minor detectable
changes in total whole cell protein expression in a panel of pro- and anti- apoptotic
proteins. Glucose™® cells have reduced expression of Bcl-x., Mcl-1 and XIAP,
which correlates with the increased sensitivity to TRAIL. However, the differences
in cell death phenotypes may be a result of factors upstream, such as novel
interactors incorporated into the DISC. Perhaps RIPK1 and RIPK3 are present in
the DISC in glucose™* cells, thus facilitating the switch to necroptosis, or there is a

reduction in total levels of RIPK3 or MLKL in glucose™® cells. Moreover, if TRAF2 is
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present in the DISC of glucose™® cells, this may explain the rapid degradation of
caspase-8 cleavage fragments via proteasomal degradation.

As previously described in Z138 cells (Robinson et al., 2012), UPN1 cells deprived
of glucose have up-regulated levels of basal oxidative phosphorylation to
compensate for abolished glycolysis. All of the increased basal oxidative
phosphorylation is linked to mitochondrial ATP synthesis, highlighting the
requirement of the mitochondria to provide ATP. The increased levels of oxidative
phosphorylation are sustained by the exogenous supplementation of pyruvate that
feeds directly into the TCA cycle and glutamine. Glutamine is converted to
glutamate and then a-ketoglutarate, which subsequently feeds into the TCA cycle.
Metabolic reprogramming to increase the OCR:ECAR ratio results in increased
sensitivity to TRAIL and minor changes in the balance of pro- and anti-apoptotic

proteins, directly linking cancer cell metabolism to cell survival.

Why FCCP induces markedly different results in ECAR under the different culture
conditions is unclear. However, it is tempting to speculate that differential ApH
values exist in UPN1 cells utilising different amounts of glucose, as glucose
concentration has been shown to alter the pH gradient between the cytosol/IMS
and matrix (Wiederkehr et al., 2009). This would therefore alter the equilibrium of
protonated and un-protonated FCCP depending on its subcellular localisation.
Importantly, if nutrient availability alters the ApH, and results in metabolic
reprogramming to up-regulate oxidative phosphorylation, the ratio of reduced vs
oxidised cytochrome c (Brown & Borutaite, 2008), and indeed whole cellular redox
state, may additionally differ, which could result in altered sensitivity to

chemotherapeutics.

In conclusion, glucose deprivation in the mantle cell ymphoma derived cell line
UPNL1 results in metabolic reprogramming to upregulate mitochondrial oxidative
phosphorylation to compensate for the absence of glycolytic generated ATP. This
shift in the OCR:ECAR ratio moderately alters the balance of key pro- and anti-
apoptotic proteins and marginally sensitises cells to TRAIL-induced cell death. The
most striking findings, are that this is the first report to show that glycolytic activity
and thus ATP is critically required for the initiation and execution of programmed

necroptosis, and that necroptotic signalling appears to result in a partial increase in
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PS externalisation, similar to canonical caspase-dependent apoptotic signalling.
Observations described herein may be of therapeutic interest if this phenomenon
occurs in other tumour lines/types. It is plausible that solid tumours with a hypoxic,

poorly perfused necrotic core with limited nutrient availability may also demonstrate

resistance to necroptosis.
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Figure 3-8 Schematic representation of changes that occur as a result of glucose
deprivation. On the left, glucose cultured UPN1 cells with functional glycolysis and a low
OCR:ECAR ratio, with high Bcl-x,, Mcl-1 and XIAP expression and the ability to switch to
necroptosis following caspase inhibition. On the right, glucose deprived UPN1 cells undergo
metabolic reprogramming to generate a high OCR:ECAR ratio, which results in increased sensitivity
to TRAIL and reduced expression of Bcl-x,, Mcl-1and XIAP. Metabolic reprogramming results in
higher sensitivity to caspase inhibition and therefore reduced ability to switch to necroptosis
following TRAIL treatment.
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4.1 Introduction

During tumorigenesis, cancer cells undergo metabolic reprogramming to
upregulate carbon flux through glycolysis, shunting glucose derived carbons into
the subsidiary pentose phosphate pathway and ultimately to lactate (Warburg et
al., 1927; Warburg, 1956). The upregulated shift to a glycolytic phenotype has
been exploited diagnostically using *®F-fluoro-2-deoxyglucose positron emission
tomography (FDG-PET) to visualise tumours. It is possible to also exploit the
Warburg effect therapeutically; like glucose, 2-deoxy-D-glucose (2DG) is imported
into cancer cells by glucose transporters extremely rapidly due to the high
glycolytic demand (Pelicano et al., 2006). Once in the cytosol, 2DG is
phosphorylated by hexokinase to produce 2-deoxy-D-glucose-6-phosphate (2DG-
6-P), which cannot be further metabolised through glycolysis (Zhang et al., 2014).
Phosphorylation of 2DG to 2DG-6-P is additionally an ATP-dependent process;
therefore 2DG is an energy dependent, glycolysis and hexokinase inhibitor, that

has a relatively long intra-cellular half-life (~50 min) (Caraco et al., 2000).

The 5’ adenosine monophosphate kinase (AMPK) is a master regulator of cellular
energy homeostasis, sensing minor changes in AMP:ATP ratios and fine tuning
catabolic and anabolic processes to prevent energetic stress (Hardie, 2014).
Following energetic stress, and thus an increased AMP:ATP ratio, AMP binds to
the Bateman domains of the AMPK-y subunit, which induces a conformational
change that allows phosphorylation of AMPK-a T172 by LKB1 (Hardie, 2013).
AMPK is also activated in response to increased cytoplasmic calcium loading by
CaMKK-B-mediated phosphorylation of AMPK-a T172 (Woods et al., 2005).
Following activation of AMPK, mTORCL1 is inhibited, thus reducing the levels of
protein synthesis. Additionally, converging on mTORC1 is protein kinase B (Akt),
which is a positive regulator of protein translation. Manipulating these pathways

can have dramatic effects on the protein expression levels of short lived proteins.

Treatment with 2DG is well tolerated by patients, but has little therapeutic efficacy
as a single agent (Mohanti et al., 1996; Singh et al., 2005; Stein et al., 2010; Raez
et al., 2013). However, combining 2DG treatment with inducers of extrinsic (death
receptor-mediated) or intrinsic (mitochondria-mediated) apoptosis is potentially a
promising approach to cancer therapy (Yamaguchi & Perkins, 2012). 2DG has
been shown to either reduce the expression of anti-apoptotic Mcl-1 (Pradelli et al.,
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2010; Robinson et al., 2012), or to displace its association with pro-apoptotic Bak
(Yamaguchi et al., 2011) without reducing total protein expression. Both models
result in a reduction of Mcl-1 association with Bak, which either kills the cells or
primes them for cell death following apoptosis induction. Mcl-1 has a very short
half-life of ~30 — 120 min (Cuconati et al.,, 2003; Craxton et al., 2012), and
therefore, one would predict that inhibition of glycolysis by 2DG should induce
energetic stress, rapidly activate AMPK and very rapidly lower Mcl-1 protein

expression.

Work previously performed in our laboratory has shown that the mantle cell
lymphoma derived cell line, Z138, is sensitised to both TRAIL and ABT-737-
induced cell killing following 2DG pre-treatment for 20 h (Robinson et al., 2012).
The rationale behind the sensitisation after 20 h was that there is a shift in the Mcl-
1/Bak ratio, like previously mentioned. The aims of my study were to assess how
rapidly 2DG exerted its effects on cellular metabolism and how it sensitises cells to
death stimuli. The major aim was to study the molecular signalling pathways and
their kinetics and how this leads to the sensitising effects of an altered Mcl-1/Bak
ratio. Firstly, the time-dependent sensitisation effects of 2DG on TRAIL and ABT-
737 were explored in detail using Annexin-V/PI FACS analysis and investigation of
caspase activity. Then, using a Seahorse XF24 analyser, the metabolic phenotype
of 2138 cells was examined following 2DG treatment at the earliest time point Z138
cells were sensitised to death (2 h). This led me to investigate the roles of both the
AMPK and Akt signalling cascades that were subsequently activated following
glycolytic inhibition with 2DG, and the effect the signal transduction had on global
protein translation. Finally, | used activators, inhibitors or transient knockdown of
the AMPK upstream kinases LKB1 and CaMKK-[3 to mimic or inhibit the effects of
2DG. Taken together, these results show that 2DG acts extremely rapidly, inducing
metabolic reprogramming and sensitising 2138 cells to ABT-737 within 2 h. The
data also show that 2DG acts very rapidly, but only transiently on AMPK, which is
sufficient to sustain inhibition of protein synthesis. However, AMPK activation does
not appear to be regulated by canonical kinases, and instead 2DG induces AMPK

activation by a non-canonical signalling pathway.
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4.2 Results

4.2.1 2DG rapidly sensitises Z138 cells to ABT-737

Previous work in our laboratory showed that 20 h pre-treatment with 2DG (5 mM)
sensitised Z138 cells to ABT-737; a Bad/BH3 mimetic (Robinson et al., 2012). As
2DG is an anti-glycolytic, it is likely that this sensitisation could occur far more
rapidly than 20 h. My study set out to analyse the kinetics and mechanisms by
which 2DG sensitises 2138 cells to ABT-737. For time-dependent studies, Z138
cells were cultured in 11.1 mM D-glucose, supplemented with 1 mM sodium
pyruvate, 2 mM glutamax and 10% FCS, as detailed in methods (chapter 2.2.1),
and pre-treated with 2DG (5 mM) for 0, 2, 4, 8 and 20 h, then followed by a range
of concentrations (0 — 100 nM) of ABT-737. Cell death was then assessed by
Annexin-V/Pl incorporation and FACS analysis and caspase activation by
immunoblotting, as described in Chapter 3. Firstly, pre-treatment with 2DG alone
(from O — 8 h) resulted in no cell death (Figure 4-1A and C). However, by 20 h
there was a fourfold increase in cell death from basal levels, from 5 to 20%, with
cells detected in the upper left PS+/Pl- quadrant (apoptosis), which then
progressed to the upper right PS+/Pl+ quadrant (secondary necrosis), indicative of

caspase-dependent apoptosis.

Treatment with 2DG alone for 20 h was therefore slightly cytotoxic. Administration
of ABT-737 following 2DG pre-treatment resulted in an apoptotic response
(PS+/PI-) which progressed to secondary necrosis (PS+/Pl+) with increased 2DG
treatment time (Figure 4-1B), which indicated that the cell death was caspase-
dependent. Treatment with ABT-737 alone (Figure 4-1D, black line) resulted in a
dose-dependent increase in total cell death (PS+). There was a time-dependent
increase in total cell death at all ABT-737 concentrations following 2DG pre-
treatment (Figure 4-1D). Rapid sensitisation to ABT-737 occurred in the presence
of 5 mM 2DG. Figure 4-1E shows that the ECs, for ABT-737 was reduced by 50%
from 44 nM to 22 nM by 2 h. The ECsp of ABT-737 continued to decrease with
increased exposure to 2DG, to 10 nM ABT-737 by 20 h 2DG pre-treatment.

As ABT-737 induces mitochondrial-mediated apoptosis, caspase-9 processing was
assessed by immunoblotting. Increasing 2DG pre-treatment time resulted in

increased processing of pro-caspase-9 to the p37/35 fragments in the presence of
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Figure 4-1 2DG rapidly sensitises 2138 cells to ABT-737. Z138 cells were cultured in
11.1 mM glucose, 1 mM sodium pyruvate, 2 mM glutamax and 10% FCS. Cells were pre-
treated with 5 mM 2DG for 0 to 20 h, before adding 0 to 100 nM ABT-737 for 4 h. Cells
were then analysed by FACS and immunoblotting as described in the methods section
(2.2.2 and 2.2.7 respectively). A) Example FACS analysis of Annexin-V (PS+) labelling
and propidium iodide (PI+) fluorescence are shown after treatment with 2DG for various
times. B) Apoptotic cells (PS+/PI-) are shown in the upper left quadrant with 25 nM ABT-
737, after increasing pre-treatment times with 2DG, cells progressed to the upper right
guadrant (PS+/PI+), which is a measure of secondary apoptosis/necrosis. C) 2DG
treatment alone did not induce cell death until 20 h D) The total cell death (PS+/PI- and
PS+/PI+ herein referred to as PS+) was calculated and is shown as a concentration effect
curve after increasing pre-treatment times with 2DG. E) ECs values were calculated from
panel D and the effect of 2DG pre-treatment on the sensitivity to ABT-737-induced cell
killing. F) Immunoblotting shows caspase-9 and caspase-3 cleavage and activation after
25 nM ABT-737 and the effect of 2DG pre-treatment times. PARP cleavage as a measure
of effector caspase activity is shown in the bottom panel. FACS and immunoblotting are
representative of 3 independent experiments, error bars show mean + SEM (n=3) for the
experiments
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25 nM ABT-737 treated for 4 h. Downstream effector pro-caspase-3 was
additionally processed to the p19/17 cleavage fragments, although interestingly,
there appeared to be very negligible amounts of the p20 fragment in ABT-737
treated cells. Although the p19 fragment showed little increase with increased 2DG
pre-treatment time, the amount of pro-caspase-3 was reduced with increased
exposure to 2DG. In-line with apoptosis induction, the caspase-3 downstream
target PARP was also cleaved from pl16 to p85 (Figure 4-1F). These data
indicated that 2DG-mediated sensitisation to ABT-737-induced apoptosis was far

more rapid than previously identified (Robinson et al., 2012).

4.2.2 2DG rapidly sensitises Z138 cells to TRAIL

Work previously published in our laboratory has shown that 5 mM 2DG pre-
treatment for 20 h sensitised Z138 cells to TRAIL (Robinson et al., 2012). In
agreement with the previously published data and the rapid sensitisation effects
observed in 4.2.1, Z138 cells were cultured in 11.1mM D-glucose, supplemented
with 1 mM sodium pyruvate, 2 mM glutamax and 10% FCS, and pre-treated with 5
mM 2DG for 2, 4, 8 and 20 h, then followed by a range of concentrations of TRAIL
(0-400 ng/ml) for 3 h. Cell death was assessed by Annexin-V/Pl FACS analysis
and caspase cleavage by immunoblotting. Treatment with 2DG and TRAIL resulted
in a primarily apoptotic phenotype (PS+/PI-) at all 2DG exposure times and TRAIL
concentrations, with limited progression into the secondary necrotic, upper right
quadrant (PS+/Pl+) (Figure 4-2A). Pre-treatment with 2DG alone resulted in
minimal cell death and the cell death phenotype appeared to be primarily apoptotic
I.e. PS+/PI- as before (Figure 4-1A and D). At all TRAIL concentrations, increased
2DG pre-treatment time produced a time-dependent sensitisation to TRAIL (Figure
4-2 B), but at the earliest time (2 h), 2DG pre-treatment did not sensitise the cells
to TRAIL, irrespective of the TRAIL concentration, but after 4 h 2DG treatment the
ECso of TRAIL was reduced from 180 to 120 ng/ml (~ 40%) (Figure 4-2C), which
showed that the effects of 2DG on TRAIL were far more rapid than previously
described for Z138 cells (Robinson et al., 2012).

Investigation of caspase activation following 2DG and TRAIL treatment showed
pro-caspase-8 processing to the p43/41 fragments after 100 ng/ml TRAIL
increased with longer exposure to 2DG. In-line with pro-caspase-8 cleavage, there
was also a time-dependent increase in cleavage of the effector pro-caspase-3
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Figure 4-2 2DG rapidly sensitises 2138 cells to TRAIL. Z138 cells were cultured in standard
glucose media (as described in Figure 4-1). Cells were pre-treated with 5 mM 2DG for 0 to 20 h,
before adding 0 to 500 ng/ml TRAIL for 3 h. Cells were then analysed by FACS and
immunoblotting as in Figure 4.1 A) Example FACS analysis of Annexin-V (PS+) labelling and
propidium iodide (PI+) fluorescence are shown. Apoptotic cells (PS+/PI-) are shown in the upper
left quadrant with 100 ng/ml TRAIL after various pre-treatment times with 2DG. The upper right
guadrant (PS+/Pl+) is a measure of secondary apoptosis/necrosis. B) The total cell death (PS+)
was calculated and is shown as a concentration effect curve after increasing pre-treatment times
with 2DG. C) ECsq values were calculated from panel B and the effect of 2DG pre-treatment on
the sensitivity to TRAIL-induced cell killing. D) Immunoblotting shows caspase-8 and caspase-3
cleavage and activation after 100 ng/ml TRAIL and the effect of 2DG pre-treatment times. PARP
cleavage as a measure of effector caspase activity is shown in the bottom panel. FACS and
immunoblotting are representative of 3 independent experiments, error bars show mean + SEM
(n=3) for the experiments.

f

86| Page



Chapter 4 2DG rapidly and transiently activates a non-canonical AMPK signalling
pathway potentiating intrinsic and extrinsic-induced cell death

to the p20/19/17 fragments. After 20 h 2DG pre-treatment, the cleavage fragment
p20 was barely detectable by immunoblotting (Figure 4-2D). There was increased
amounts of the p19/17 fragments with increased 2DG treatment times. Increased
2DG exposure time followed by 100 ng/ml TRAIL resulted in increased cleavage of
the downstream caspase-3 target PARP, from p116 to p85, which is used as a
canonical marker of apoptosis. These data indicated that the combination of 2DG

and TRAIL resulted in caspase-dependent apoptosis.

4.2.3 2DG results in metabolic reprogramming —transiently increasing
oxidative phosphorylation while ablating glycolysis

As 2 h 2DG pre-treatment sensitised Z138 cells to ABT-737, | next investigated the
effects of 2DG on cellular metabolism after 2 h 2DG treatment. Using a Seahorse
XF24 extracellular flux analyser, the metabolic profile of Z138 cells treated with or
without 5 mM 2DG for 2 h was assessed in detail. Work previously published,
showed that 5 mM 2DG for 20 h induced metabolic reprogramming, to inhibit
glycolysis, but additionally reduced the rates of oxidative phosphorylation (OCR) by
35% (Robinson et al., 2012). As shown in the explanation Figure 3-6, the effects of
2 h 2DG treatment on Z138 cellular metabolism can be assessed. Thus, after 2DG
pre-treatment, basal respiration increased by 16% from 282 + 17 to 328 + 11
pmol/min/10° cells. This indicated that metabolic reprogramming or switching was
compensating for the effects of the anti-glycolytic, 2DG (Figure 4-3A and B).
Addition of the ATP synthase inhibitor oligomycin reduced respiration in both
control and 2DG treated cells to 114 + 22 versus 114 + 30 pmol/min/10° cells
respectively. Subtraction of OCR values generated after the addition of oligomycin
from the basal levels was used to calculate the extent of ATP linked oxidative
phosphorylation. Thus, 2DG produced an increase in ATP linked oxidative
phosphorylation (27%) in Z138 cells within 2 h of treatment with 5 mM 2DG, i.e.
from 168 + 13 to 213 + 20 pmol/min/10° cells. This showed that the increase in
OCR was due to an up-regulation of oxidative phosphorylation to generate more
ATP.

After oligomycin, FCCP was added to uncouple the ATP synthase from the
respiratory chain, to determine its maximal respiration. FCCP stimulated respiration

was calculated by averaging the first data point generated from each individual
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Figure 4-3 2DG treatment induces metabolic reprogramming in Z138 cells. Z138 cells were
cultured standard glucose media (as described in Figure 4.1), and then 5 mM 2DG was added to
the cells 2 h before analysing oxidative phosphorylation and glycolysis as described in Chapter 3.
Cells were seeded at 4.5 x 10° cells/well and the indicated mitochondrial inhibitors added
sequentially as shown in panel A. A) The OCR of control (m) and treated (2DG) (m) cells are shown
as black and red symbols respectively, following a mitochondrial stress test. B) The various
bioenergetics parameters were calculated (see Figure 3-6) to show basal, ATP linked, maximal,
RRC, proton leak and non-mitochondrial OCR values. C) Basal OCR and ECAR values were
plotted against each other to show metabolic reprogramming following 2 h treatment with 2DG. D)
The ECAR trace of control and treated cells after the sequential injection of mitochondrial inhibitors
E) were plotted as a bar chart to show average rates. F) ECAR values generated by glycolysis and
the mitochondrial electron transport chain were calculated (see Figure 3-6). G) 2138 cells were
treated with 5 mM 2DG for 0, 2, 4, 8 and 20 h, and total ATP levels calculated as a % of control. H)
Schematic interpretation of the energetic requirements of hexokinase phosphorylation of 2DG to
2DG-6-P, and how this can lead to LKB1/AMPK activation. Panel A and D are representative
traces, OCR and ECAR are shown as mean =+ SEM (n=5 technical repeats/wells) Panels B, C, E
and F are from at least 3 independent experiments, OCR and ECAR are shown as mean + SEM
(n=3 biological repeats). Star (*) represents p < 0.05 (Students t test)
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experiment. There was no significant difference in maximal respiration between
control and 2DG treated 2138 cells (374 + 32 versus 341 + 18 pmol/min/10° cells
respectively) (Figure 4-3A and B). Subtraction of the maximal values generated by
FCCP stimulation from basal levels is a measure of the reserve respiratory
capacity (RRC) of the cells. Control cells had an RRC of 92 + 19 pmol/min/10° cells
compared to 2DG treated cells that had an RRC of 13 + 4 pmol/min/10° cells, an
86% reduction. These results showed that following 2DG treatment for 2 h, Z138
cells did not have a significant RRC and respired maximally under basal
conditions, similar to state-3 respiration (i.e. substrates and oxygen are not limiting)
(Chance & Williams, 1955). Interestingly, like UPNL1 cells cultured in the presence
of glucose (Figure 3-7), Z138 cells cultured in glucose were unable to maintain
uncoupler stimulated respiration. Conversely, ablation of glycolysis by addition of
2DG in Z138 cells resulted in stabilisation of FCCP stimulated respiration, similar to
the observed response in UPNL1 cells cultured in the absence of glucose (Chapter
3). It appeared therefore, that active glycolysis prevented a sustained rate of FCCP
stimulated respiration, even in the presence of exogenously supplemented

pyruvate and glutamax.

Following FCCP, the NADH dehydrogenase (complex I) inhibitor rotenone (1 uM)
was added to block the respiratory chain at the most upstream component. Any
remaining OCR after rotenone inhibition is due to non-mitochondrial oxygen
consumption or succinate. Control and 2DG treated Z138 cells did not have
significantly different non-mitochondrial OCR, (65 + 18 versus 48 = 17
pmol/min/10° cells respectively) (Figure 4-3B). The difference in respiratory chain
inhibition between oligomycin and rotenone is due to the proton leak (see Figure 3-
6 for explanation and Chapter 1.7). There was no significant difference in the
proton leak between control and 2DG treated 2138 cells (59 = 5 versus 67 + 13

pmol/min/10° cells respectively).

To ensure 5 mM 2DG was inhibiting glycolysis, (ECAR) values generated from the
Seahorse XF24 were also analysed. Metabolic reprogramming or switching, to rely
on mitochondrial oxidative phosphorylation following glycolysis inhibition is shown
in Figure 4-3C. Representative ECAR traces generated from a standard
mitochondrial stress test in control and 2DG treated (2 h) cells are shown in Figure
4-3D. Control 7138 cells had a basal ECAR of 56 + 5 mpH/min/10° cells,
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compared to 2DG treated basal rates of 25 + 1 mpH/min/10° cells; 55% less than
control cells. These results showed that after 2DG treatment for 2 h, Z138 cells
generated substantial acidification which was independent of glycolysis. Addition of
oligomycin to control cells decreased the ECAR from 56 + 5 to 51 + 6 mpH/min/10°
cells, which showed that Z138 cells utilised glycolysis maximally under basal
conditions (Figure 4-3D), thus oligomycin treatment resulted in a negative spare
glycolysis capacity (-6 + 1 mpH/min/10° cells) (Figure 4-3F). Addition of FCCP
reduced the ECAR to 32 + 4 mpH/min/10° cells, which may have been due to

protonophore driven proton influx from the media into the cytosol/mitochondria.

In 2DG treated cells, the basal ECAR was 25 + 1 mpH/min/10° cells, which was
reduced to 8 + 1 mpH/min/10° cells after oligomycin was added (Figure 4-3D and
E), this showed that 17 + 0.1 mpH/min/10° cells was derived from ATP linked
oxidative phosphorylation. FCCP had little effect on the oligomycin inhibited ECAR,
but rotenone reduced the ECAR to 1 + 0.3 mpH/min/10° cells, this showed that 7 +
0.5 mpH/min/10° cells was derived from the mitochondrial proton leak (Figure 4-
3F). Thus, in the presence of 2DG, ECAR is due to ATP synthase derived proton
extrusion and respiratory chain proton generation. Thus, 2DG completely ablates
all glycolytic derived pH changes (lactic acid release), and the remaining proton

extrusion is derived from the increased mitochondrial oxidative phosphorylation.

As 7138 cells treated with 2DG for 2 h had ablated glycolysis and increased basal
oxidative phosphorylation; | determined the effect of 2DG on ATP levels after 0, 2,
4, 8 and 20 h 2DG exposure, to determine if metabolic reprogramming to rely on
mitochondrial metabolism was sufficient to compensate for 2DG treatment and
maintain ATP levels. After 2 h 2DG treatment, there was a reduction in cellular
ATP levels by 35%; total ATP levels were depleted to a maximum of 50% of basal
levels by 8 h (Figure 4-3G). This data indicated that the ablation of cellular ATP
following 2DG treatment was extremely rapid, and that the compensatory increase

in oxidative phosphorylation could not restore ATP levels to their normal level.

The effect of 2DG on cellular metabolism is more complex than simple inhibition of
glycolysis via 2DG-6-P mediated inhibition of hexokinase. The conversion of 2DG
to 2DG-6-P by hexokinase is an energy consuming process, whereby each 2DG

molecule phosphorylated results in the consumption of one ATP, and this
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potentially explains the dramatic drop in ATP levels which was not rescued by the
increase in oxidative phosphorylation. Assuming that adenylate kinase functions to
maintain an AMP:ATP ratio at equilibrium (reviewed in Hardie, 2013), for every two
molecules of 2DG phosphorylated, two ATP molecules would be converted to two
ADP molecules, which would then be enzymatically converted back to one ATP
and one AMP molecule by adenylate kinase (Figure 4-3H). Thus, 2 molecules of
2DG results in the net catabolism of one ATP and anabolism of one AMP, thus
increasing the AMP:ATP ratio. Increasing AMP:ATP ratios results in LKB1
mediated phosphorylation and activation of AMPK, a master regulator of cellular
metabolism (Hawley et al., 2003; Woods et al., 2003).

4.2.4 2DG induces a rapid reduction in expression of Mcl-1

Z138 cells are type Il cells, i.e. they predominantly undergo apoptosis through the
mitochondrial intrinsic pathway (Robinson et al., 2012). When antagonised by
death receptor ligands, 2138 cells activate the mitochondrial amplification loop via
cleavage of Bid to tBid (Robinson et al., 2012). Additionally, it has been previously
described that following treatment with 2DG, the protein expression of anti-
apoptotic Mcl-1 is reduced and this was responsible for 2DG mediated
sensitisation to apoptotic inducers (Pradelli et al., 2010; Ramirez-Peinado et al.,
2011; Robinson et al., 2012). To determine if the balance between pro- and anti-
apoptotic proteins was altered following 2DG treatment, a panel of Bcl-2 family
proteins was assessed for expression levels using immunoblotting, at 0, 2, 4, 8 and
20 h post 2DG treatment. At the early 2DG treatment time points (2, 4 and 8 h),
there was no reduction in protein expression of the pro-apoptotic proteins: Cyt c;
Bak; Bax; Bad or Noxa (Figure 4-4A). However, after 20 h treatment there was a
significant reduction in the protein expression of the pro-apoptotic proteins, Bad

Bak and Noxa.

In the case of the anti-apoptotic proteins, between 0 — 20 h, there was no
significant change in protein expression of Bcl-2; Bcl-x. was not significantly
reduced between 0 -4 h, however between 8 — 20 h, protein expression of Bcl-x.
decreased markedly (Figure 4-4B). Significantly, the levels of Mcl-1 were markedly
down regulated at 2 h post 2DG treatment, and continued to decrease over the
time course (Figure 4-4B). Using Li-Cor quantitative densitometry analysis of the

immunoblots from 3 independent experiments of Mcl-1, it was shown that 5 mM
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Figure 4-4 2DG rapidly reduces expression of Mcl-1 but not other Bcl-2 family members.
Z138 cells were cultured in standard glucose media (as described in Figure 4-1) and then
treated with 5 mM 2DG for 0, 2, 4, 8 and 20 h. The cell pellets were solubilised and whole cell
protein expression was analysed by immunoblotting. A) Protein expression of pro-apoptotic Cyt
¢, Bak; Bax; Bad and Noxa and B) anti-apoptotic Bcl-2; Bcl-x, and Mcl-1 following treatment
with 2DG for various times. C) Li-Cor quantitative densitometry analysis of Mcl-1 and tubulin
immunoblots after 2DG treatment is expressed as a % of 0 h control. D) Immunoblots of Mcl-1
and Noxa; 6, 12 and 24 h after siRNA transfection against Mcl-1 and Noxa, respectively. Mcl-1
was rapidly depleted by siRNA, however Noxa was not. E) Total cell death (PS+) was
calculated from Annexin-V/PI FACS analysis of Mcll knockdown cells, 6, 12 and 24 h post
transfection. Immunoblots are representative of 2 — 3 independent experiments. Error bars
represent mean + SEM (n=3). Star (*) represents p < 0.05 (Students t test)
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2DG induced a reduction in total Mcl-1 protein levels by 40% in 2 h and by 20 h
was further reduced by 70% (Figure 4-4C), the decrease in protein expression
following 2DG treatment was therefore rapid and sustained which explains the

previously described results of 2DG treatment at 20 h (Robinson et al., 2012).

As Mcl-1 has been previously implicated as the primary anti-apoptotic protein that
is regulated by 2DG and responsible for both 2DG-induced apoptosis or
sensitisation to apoptotic stimuli, | then determined if Mcl-1 knockdown replicates
2DG effects and also sensitised Z138 cells to both TRAIL and ABT-737.
Knockdown of Mcl-1 by siRNA nucleofection (LONZA) resulted in almost complete
ablation of Mcl-1 protein expression by 6 h, and knockdown was maintained for up
to 24 h post transfection (Figure 4-4D). Mcl-1has been reported to selectively
stabilise Noxa (Craxton et al., 2012); therefore following loss of Mcl-1, Noxa
expression is also reduced. However, there was no detectible difference in Noxa
protein expression until 20 h post treatment. Knockdown of Noxa by siRNA
transfection was assessed by immunoblotting. There was no reduction in protein
expression of Noxa following knockdown, which indicated that the presumed band
may have been non-specific (Figure 4-4D). Conversely however, following
proteasome inhibition (Appendix Figure 7-1A) with MG132, there was a rapid and
marked increase in ‘Noxa’ expression. Additionally, following inhibition of protein
translation with cycloheximide (CHX), there was rapid decrease in ‘Noxa’
expression with a half-life of ~30 min (Appendix Figure 7-1B), consistent with
previously published data (Craxton et al., 2012). These data indicated that the
band in Figure 4-4D was likely Noxa; it was therefore possible that the Mcl-1:Noxa
ratio may have been implicated in the sensitisation effects observed following 2DG
treatment. 2DG-induced down regulation of Mcl-1 and a corresponding up-
regulation in Noxa has previously been described as an essential component in

2DG-induced cell death in rhabdomyosarcomas (Ramirez-Peinado et al., 2011).

However, knockdown of Mcl-1alone resulted in 30% total cell death (PS+) by 6 h
post knock down (transfection alone induced 18% cell death), which increased to
55% total cell death (PS+) by 24 h post transfection, without the addition of any
apoptotic inducers (Figure 4-4E). Therefore Z138 cells appeared to be already
‘primed’ for cell death and Mcl-1 was the gatekeeper preventing apoptosis.
Strikingly, despite the presence of both Bcl-2 and Bcl-x., which are believed to
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provide redundancy for each other and Mcl-1 (Eichhorn et al., 2014), this was not
the case. Z138 cells appeared to be addicted to Mcl-1, because transient
transfection induced substantial knockdown of Mcl-1, which induced 55% total cell
death. It was striking therefore that ablation of Mcl-1 protein expression by 2DG
treatment alone did not induce significant apoptosis in Z138 cells, even at 20 h
post 2DG treatment there was only 20% cell death (Figure 4-1A).

4.2.5 2DG results in AMPK-a T172 de-phosphorylation and Akt S473
phosphorylation

Two master regulators of cellular metabolism are the 5’ adenosine monophosphate
kinase (AMPK) and protein kinase B (Akt), which function to maintain a balance
between catabolic and anabolic processes upon minor changes to energy supply
and demand (reviewed in Schultze et al., 2012). It has previously been shown that
2DG can activate both the AMPK (Hawley et al., 2010; Jeon et al., 2012; Xi et al.,
2013; Pradelli et al., 2010) and Akt (Zhong et al., 2009; Zhong et al., 2008)
pathways following 2DG treatment. AMPK is a negative regulator of protein
synthesis while Akt is positive regulator. Upon activation, they phosphorylate TSC2
to either activate or inhibit its activity (Figure 4-5A), which results in inhibition or
activation of protein synthesis respectively (see chapter 1.9). The downstream
proteins 4EBP1 and p70S6k are therefore good markers of both protein synthesis
status and AMPK/AKkt activity. Firstly, phosphorylation of the catalytic AMPK
subunit; AMPK-a T172 was assessed by immunoblotting after 0, 2, 4, 8 and 20 h
2DG treatment. There was no significant detectable change in the total AMPK-a
level until a decrease 20 h post treatment. Interestingly however, contrary to the
above published literature, there was a de-phosphorylation of AMPK-a T172 by 2
h, which continued to decrease up to 20 h. There was no detectable difference in
the total levels of the regulatory subunit AMPK-31, however there appeared to be a
minor increase in S108 phosphorylation up to 8 h, which was dramatically reduced
by 20 h. Phosphorylation of AMPK-B S108 appears to be required for the AMPK
heterotrimer activity (Warden et al., 2001). Downstream of AMPK is tuberous
sclerosis 2 (TSC2), there was a detectable phosphorylation of TSC2 S1387 upto 4
h, which decreased from 8 - 20 h and mirrored the changes in total TSC2 levels.
Additionally, there was a rapid decrease in phosphorylation of p70S6k T389, which

indicated a shut down in protein translation. This indicated that following 2DG
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Figure 4-5 2DG results in AMPK de-phosphorylation and Akt phosphorylation.

A) Schematic representation of how AMPK and Akt regulate protein translation and thus Mcl-1
protein expression. Z138 cells were cultured in standard glucose media (as described in Figure 4-1)
and then treated with 5 mM 2DG for 0, 2, 4, 8 and 20 h, the cell pellets were the solubilised and
whole cell protein expression was analysed by immunoblotting for markers of AMPK activation B)
AMPK-a; p-AMPK-a T172, AMPK-B1, p-AMPK-B1 S108, TSC2, p-TSC2 S1387 and p-p70S6k
T389. C) Additionally, markers of Akt activation: Akt, p-Akt S473, GSK-3f, p-GSK-3p S9, TSC2, p-
TSC2 T1462 and S939; GSK-3a and GSK-3a S21. Western blots are representative of at least 2
independent experiments.
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treatment, AMPK appeared to be activated independently of AMPK-a T172
phosphorylation and inhibition of protein translation appeared to start prior to the 2
h time point analysed, as indicated by the rapid de-phosphorylation of p70S6k
(Figure 4-5B).

Akt is a positive regulator of protein synthesis, and it was possible this would be
deactivated following 2DG treatment as p70S6k T389 was de-phosphorylated.
Interestingly however, total Akt protein expression increased up to 2 h and then
reduced from 8 — 20 h. Furthermore, Akt S473 was increasingly phosphorylated
from 2 h to 4 h, after which it was de-phosphorylated between 8 and 20 h (Figure
4-5C). In-line with this activation event, phosphorylation of glycogen synthase
kinase-3f (GSK-3p) S9 occurred with similar kinetics to Akt S473 phosphorylation.
There was no difference in total levels of GSK-3[ at any time point. Interestingly,
phosphorylation of Akt downstream targets TSC2 T1462/S939 was not detected,
which indicated that Akt may have a selective substrate repertoire following 2DG
treatment. There was no detectable difference in phosphorylation of GSK-3a S21
indicating that this isoform was not post translationally regulated following 2DG
treatment at any time (Figure 4-5C). These results suggested that Akt was not
signalling to activate protein translation following S473 hyper-phosphorylation and
that AMPK was likely to be the dominant kinase responsible for inhibition of

translation.

4.2.6 2DG treatment induces a rapid AMPK activation event

There was no detectable AMPK activity at 0 — 20 h (4.2.5) when assessed by
immunoblotting of AMPK-a T172, but there was a rapid de-phosphorylation of
p70S6k T389 within 2 h. This suggested that a signalling event earlier than 2 h had
likely occurred and resulted in translation inhibition; therefore AMPK activity was
assessed at 0, 5, 10, 15, 30 and 60 min following 2DG treatment. This showed that
there was a very rapid and transient phosphorylation of AMPK-a T172 that
occurred at 5 min post 2DG treatment, which was maintained until 15 — 30 min
(Figure 4-6A) and then phosphorylation decreased to below basal levels. A
functional read out of AMPK activity was assessed by immunoblotting for
phosphorylated Acetyl Coenzyme-A Carboxylase (ACC) S79. ACC was
phosphorylated following 2DG treatment with similar kinetics to AMPK-a T172
phosphorylation, however phosphorylation remained up to 60 min post treatment
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after AMPK phosphorylation had dissipated (Figure 4-6A) and then returned to
basal levels from 2 — 8 h (Figure 4-6B).

As there was a rapid and transient AMPK activation, downstream markers of
protein translation were analysed at 0, 15, 30, 60 min and 2, 4 and 8 h. There was
a very rapid decrease in p70S6k T389 expression, which occurred at the earliest
time point (15 min). Expression of p70S6k T389 continued to decrease with
increased 2DG exposure until it was no longer detectable at 4 h. Expression of
total protein levels of the p70S6k downstream target S6, did not change, but
phosphorylation of S6 S240/244 decreased with similar kinetics to p70S6k T389
de-phosphorylation. Also, 2DG treatment produced a rapid de-phosphorylation of
4EBP1 S65 (Figure 4-6C). 4EBP1 is phosphorylated at multiple residues resulting
in its inhibition, de-phosphorylation results in binding to elF4E and inhibition of
protein translation (chapter 1.9). Three bands were visible, the y top band, which
represented hyper-phosphorylation, the B middle band and the bottom a, hypo-
phosphorylated band. Detectability of 4EBP1 y reduced by 15 min. Interestingly, in
all of the repeats, 4EBP1 S65 expression of all three bands was markedly reduced
at the 4 h time point, followed by an increase in the hypo-phosphorylated a band at

8 h; in agreement with the Akt S473 phosphorylation seen in Figure 4-5C.

4.2.72DG results in Akt de-phosphorylation before hyper-
phosphorylation

It has been previously reported that 2DG can induce Akt survival signalling in
certain cancer cell types/lines (Zhong et al., 2008; Zhong et al., 2009); and Akt was
shown to be phosphorylated at S473 following 2DG treatment (Figure 4-5C). Next,
Akt signalling was analysed by immunoblotting at 0, 15, 30 60 min and 2, 4 and 8
h. There was no detectable difference in total Akt expression or Akt T308
phosphorylation (Figure 4-7A). Interestingly however, 2DG induced a transient and
rapid decrease in Akt S473 phosphorylation as early as 15 min post treatment,
which returned to basal levels by 60 min and became hyper-phosphorylated by 2h.
There appeared to be a bi-phasic relationship between AMPK signalling and Akt
signalling. Akt is a positive regulator of protein synthesis, via TSC2 and mTORCL1.
Activation of Akt under normal circumstances should result in stimulation of protein
synthesis (reviewed in Showkat et al., 2014). Immunoblots from Figure 4-6C
showed that Akt hyper-phosphorylation was not sufficient to reactivate protein

98 |Page



Chapter 4 2DG rapidly and transiently activates a non-canonical AMPK signalling
pathway potentiating intrinsic and extrinsic-induced cell death

A) B)
2DG (min/h)
) h 2507 Mcl-1 densitometry
min 2004
01530602 4 8
W.B: T 150,
|-—---| Akt @ 1004 - - M R
50
i A SR | p-Akt (T308) 0.
W.B:
[ o e e . DAkt (S473) e S e | Mo
- p-GSK-3B (S9) Noxa
- B-Catenin h e - B-Catenin
—— - e ol P-AMPK-a (S485) B-Catenin (High)

0240240P24 Time (h)

2DG Chir99021 Chir99021
2DG

Figure 4-7 2DG induces Akt de-phosphorylation before hyper-phosphorylation. Z138 cells
were cultured in standard glucose media (as described in Figure 4-1) and then treated with 5 mM
2DG for 0, 15 30 and 60 min; 2, 4 and 8 h, the cell pellets were solubilised and whole cell protein
expression analysed by immunobilotting for A) Akt, p-Akt T308, p-Akt S473, p-GSK-3f3, B-catenin
and p-AMPK-a S485. B) 2138 cell were treated with either 5 mM 2DG, 5 pM Chir99021 or pre-
treated with 5 uM Chir99021 followed by 5 mM 2DG for 0, 2, 4 h. Lane P represents 30 min
Chir99021 pre-treatment before addition of 2DG. The cell pellets were then harvested, solubilised
and immunoblotted for Mcl-1, Noxa and B-catenin. The bar graph depicts the raw data obtained
from Li-Cor densitometry of Mcl-1 protein expression; the dotted line shows the level of Mcl-1
protein expression after 4 h 2DG treatment. The Immunoblots are representative of at least 2
independent experiments

translation after the initial AMPK activation. AMPK-a T172 and Akt S473

phosphorylation status were inversely correlated with each other.

To investigate the activity of Akt, downstream targets were assessed by
immunoblotting. Akt phosphorylates GSK-3B8 S9 (Cross et al., 1995) and de-
phosphorylation of GSK-3B occurred with similar kinetics to Akt S473 de-
phosphorylation, with GSK-3 S9 recovering to basal levels within 8 h (Figure 4-
7A). Additionally, AMPK-a S485 is a direct downstream target of Akt (Ning et al.,
2011), which was de-phosphorylated by 30 min, concordant with the loss of Akt
activity. A second wave of re-phosphorylation was not detected at any time point

analysed. As GSK-3B has been implicated in the regulation of Mcl-1 via
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proteasome-mediated degradation (Ding et al., 2007), the activation status of GSK-
3B was analysed by assessing the activity of the destruction complex, which
actively targets B-catenin for degradation in the presence of activated GSK-33
(reviewed in Stamos & Weis, 2013). Total protein expression of B-catenin was
analysed by immunoblotting and B-catenin expression was reduced as soon as
GSK-3B was activated (de-phosphorylation at S9), i.e. 15 min post 2DG treatment.
Expression of B-catenin did not recover at any of the time points analysed; even

though Akt S473 was phosphorylated at the later time points (Figure 4-7A).

GSK-3pB has been shown to regulate Mcl-1 protein expression by phosphorylating
Mcll on S159, which targets it for proteasome degradation (Maurer et al., 2006).
To ascertain whether GSK-33 was responsible for the rapid reduction in Mcl-1
protein expression (Figure 4-4B), Z138 cells were treated with the GSK-3 inhibitor
Chir99021, with and without 2DG (Figure 4-7B), with the expectation that inhibition
of GSK-3 would prevent Mcl-1 phosphorylation and subsequent degradation.
Inhibition of GSK-3[ resulted in a rapid accumulation of 3-catenin (Figure 4-7B),
which indicated successful GSK-3[ inhibition. Interestingly however, using Li-COR
quantitative densitometry of the immunoblots, it was observed that GSK-3[3
inhibition did not prevent the reduction of Mcl-1 protein expression. In fact, there
was a reduction in Mcl-1 protein expression when treated with Chir99021 in the
absence of 2DG (Figure 4-7B black bars). When Z138 cells were pre-treated with
Chir99021 followed by 2DG, there was a synergistic effect, which resulted in a
greater reduction in Mcl-1 expression than 2DG alone at both 2 and 4 h post
treatment. These results indicated that GSK-3f inhibition instead of activation, may
function as a novel mechanism to post-translationally regulate Mcl-1 protein
expression in certain cell lines/types. However, because GSK-3[3 was activated
following 2DG treatment it is possible that the regulation of Mcl-1 by 2DG is
independent of the conventionally described GSK-3B pathway (Maurer et al.,
2006). Interestingly, inhibition of GSK-3f resulted in increased expression of Noxa
in both the presence and absence of 2DG, which highlighted that GSK-38 may be

a potential regulatory kinase common between both Mcl-1 and Noxa.
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4.2.8 2DG rapidly inhibits global protein synthesis

It has been shown previously that 2DG abrogates protein translation (Pradelli et al.,
2010; Robinson et al.,, 2012), presumably by inhibiting p70S6k T389
phosphorylation (Figure 4-6C). To characterise how protein synthesis was inhibited
by 2DG, two independent functional readouts for assessing inhibition of protein
synthesis were used. Firstly, Z138 cells were treated with 2DG (5 mM) for0, 1, 2, 4
and 20 h, then incubated for 3 min with CHX, centrifuged and the pellet lysed in
polysome lysis buffer and then centrifuged again (as detailed in Chapter 2.2.10),
the supernatant was carefully layered over the top of pre-prepared sucrose density
gradients and centrifuged for 2 h to separate the polysomes and sub-polysomes.
Depending on the density of the gradient, differential separation occurred with high
molecular weight actively translating polysomes sedimenting towards the 50%
sucrose layer and with the sub-polysomes sedimenting at the top towards the 10%
sucrose layer (Figure 4-8A). By 1 h, 2DG treatment induced a shift in the actively
translating polysome fraction (Figure 4-8B, right of graph) to the sub-polysomes
(left of graph). There was a rapid time-dependent increase in the extent of the shift
from the polysomes to sub-polysomes after 2DG treatment, which was maximal
between 2 and 4 h, which indicated that translation was inhibited in a time-

dependent manner (Figure 4-8B).

To determine the extent to which total protein synthesis was inhibited by 2DG
treatment, global protein synthesis was determined by **S methionine/cysteine
incorporation in cellular proteins which were precipitated with TCA then analysed
by scintillation counting. At the earliest time point assessed (30 min), there was a
40% reduction in total protein synthesis, and this level of inhibition was sustained
up to at least 4 h (Figure 4-8C). As the maximal reduction in protein translation was
~40% of control, this may have indicated a selective shut down in protein
translation after 2DG treatment.

To determine if 2DG and inhibition of protein translation alone induced the same
changes to protein expression of Bcl-2 family members; Z138 cells were treated
with the protein synthesis inhibitor CHX and protein expression levels of key pro-
and anti-apoptotic levels were analysed by immunoblotting. The protein expression

of pro-apoptotic: Cyt c; Bad; Bak and Bax did not change following CHX treatment
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Figure 4-8 2DG treatment rapidly reduces global protein synthesis. 2138 cells were cultured in
standard glucose media (as described in Figure 4-1) and then treated with 5 mM 2DG for 0, 1, 2, 4
and 20 h. The cells were then treated briefly with CHX (see Chapter 2.2.10), lysed and layered on
a sucrose density gradient and centrifuged to separate actively translating polysomes and non-
translating sub-polysomes as depicted in panel A). Gradient fractionation was assessed by
continuous monitoring of the absorbance at 254 nm B) where actively translating polysomes appear
as a peak on the right side of the graph (50% sucrose), and sub-polysomes appear as a peak on
the left (10% sucrose). C) 2138 cells were also treated with 5 mM 2DG for 0, 0.5, 1, 2 and 4 h,
followed by the addition of %3 methionine, TCA protein precipitation and scintillation counting was
used to determine the extent of global protein synthesis inhibition. D) Cells were treated with 100
pg/ml CHX for the indicated times, the cell pellets were then analysed by immunoblotting for: Cyt c,
Bcl-x., Bcl-2, Bad, Bak, Bax, Noxa and Mcl-1. E) 2138 cells were treated with 5 mM 2DG for the
indicated times and immunoblotted for Mcl-1, the graph shows Li-Cor quantitative densitometry of
Mcl-1 treated with CHX vs 2DG (expressed a % of control), densitometry is the average of two gels.
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up to the longest time point analysed (4 h). Additionally, there was no change in
protein expression of anti-apoptotic: Bcl-x, or Bcl-2 (Figure 4-8D). As expected, the
expression of Mcl-1 following total inhibition of protein synthesis was markedly
reduced with a half-life of 15 - 30 min; additionally, the half-life of Noxa was also
~15 min (Appendix 7-1B). To determine if 2DG treatment induced a reduction of
Mcl-1 with similar kinetics to CHX, protein expression of Mcl-1 after 2DG treatment
was also analysed at the same time points. There was a rapid reduction of Mcl-1
protein expression following 2DG treatment; however, it did not occur at the same
rate as CHX (Figure 4-8E). Additionally, the expression of Mcl-1 in 2DG treated
cells did not drop to the same levels as CHX treatment. These results showed that
inhibition of protein synthesis by 2DG resulted in a reduction in expression of Mcl-1
to an extent. The remaining Mcl-1 protein following 2DG treatment was probably
residual translation from the incomplete inhibition. It was striking however, that
inhibition of translation by 2DG did not reduce Noxa expression but CHX did. This
indicated that the Mcl-1:Noxa ratio may be critical for 2DG-mediated sensitisation
to both TRAIL and ABT-737 in Z138 cells.

4.2.9 Canonical AMPK activators do not induce phosphorylation of
AMPK-a T172

2DG induced a rapid and transient activation of AMPK that resulted in a rapid and
partial inhibition of protein translation. Previous studies identified the mechanism to
be via phosphorylation of AMPK-a T172 by LKB1 (Corradetti et al., 2004), which is
activated through increasing AMP:ATP ratios, CaMKK-f3 activation which results
from increased cytoplasmic calcium loading (Xi et al., 2013) (Figure 4-9A), or an
unidentified mechanism independent of both (Jeon et al.,, 2012). | therefore
investigated whether in Z138 cells activation of AMPK was either due to LKB1or
CaMKK-f following 2DG treatment. Subsequently, to determine if activation of
AMPK was the initial signal that resulted in the sensitisation to both TRAIL and
ABT-737-induced cell killing. Therefore, Z138 cells were treated with the AMPK
activators: metformin, phenformin, AICAR, AMP, thapsigargin and A23187, and the
AMPK activity analysed by immunoblotting, the results of which are summarised in
Figure 4-9B. The effects of these compounds on TRAIL and ABT-737-induced cell
killing were assessed by Annexin-V/PI FACS analysis. Z138 cells were pre-treated

with the highest concentration used for each drug (detailed in Figure 4-9B) for 4
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Respiration De-phosphorylation h) h)
(1 mM) toxic (20 h) | toxic (20 h)
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Hexokinase Inibitor Activation

Figure 4-9 Traditional AMPK activators do not induce AMPK-a T172 phosphorylation.

A) Schematic to show the canonical routes by which 2DG can activate AMPK, through either LKB1
or CaMKK-B. B) Table summarises: the activators used (column 1) how they function to activate
AMPK (column 2), the maximum concentration used (column 3), the effect they had on AMPK-a
T172 phosphorylation (column 4), the effect they had on TRAIL (column 5) and the effect they had
on ABT-737 (column 6). 2138 cells were cultured in standard glucose media (as described in Figure
4-1) and then treated for various times with the activators, the cell pellets were then harvested,
solubilised and analysed by immunoblotting for AMPK and p-AMPK-a T172 to determine AMPK
activity (see Appendix7-2). To determine the effect of the compounds on TRAIL and ABT-737-
induced cell killing, 2138 cells were pre-treated with each activator at [max] for 4 and 20 h, followed
by 200 ng/ml TRAIL or 25 nM ABT-737 for 4 h, cell death was analysed using Annexin-V/PI FACS
analysis (see Appendix 7-3)
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and 20 h, followed by TRAIL (200 ng/ml) or ABT-737 (25 nM) for 4 h, the results of
which are summarised in Figure 4-9B.

The biguanides metformin and phenformin are anti-diabetic medications used to
reduce blood sugar levels (phenformin retracted from market due to high
incidences of lactic acidosis). They also activate AMPK by incompletely understood
mechanisms, although it is likely by indirectly inhibiting the NADH dehydrogenase
(complex I) of the mitochondrial respiratory chain (Wheaton et al., 2014). Inhibition
of complex | prevents mitochondrial oxidative generation of ATP and thus should
increase the AMP:ATP ratio. Treatment with metformin (1 mM) did not induce
AMPK-a T172 phosphorylation at any time point analysed (Appendix 7-2).
Treatment with metformin (1 mM) for 4 and 20 h did not induce cell death alone.
Additionally, pre-treatment with metformin for 4 and 20 h did not sensitise Z138
cells to either TRAIL or ABT-737 (Appendix 7-3). Treatment with phenformin (200
UM or 1 mM) did not induce AMPK-a T172 phosphorylation at any time point
analysed (Appendix 7-2), in fact, 1 mM phenformin resulted in de-phosphorylation
of AMPK-a T172 by 30 min. Treatment with phenformin (1 mM) for 4 h did not
induce any cell death and did not sensitise Z138 cells to TRAIL or ABT-737.
Treatment with ABT-737 alone induced 37% cell death and TRAIL induced 55%
cell death. By 20 h, phenformin (1 mM) alone was cytotoxic and induced 33% cell
death. Pre-treatment, followed by ABT-737 resulted in 51% cell death and pre-
treatment followed by TRAIL resulted in 59% cell death. The combined cell death
values of phenformin alone and TRAIL/ABT-737 alone (33% + 37% and 33% +
55%, respectively) were higher than the combinatorial treatment, which indicated
that phenformin had an additive effect to cell death, not synergistic, and the
mechanism of action was therefore likely to not be the same as 2DG (Appendix 7-
3).

AICAR is a cell permeable compound, which upon entry into the cell is
phosphorylated to ZMP, an AMP analogue, and thus activator of AMPK. Treatment
with AICAR (2 mM) did not induce AMPK-a T172 phosphorylation at any time point
analysed. Like phenformin, AICAR treatment resulted in a rapid de-phosphorylation
of AMPK-a T172 (Appendix 7-2). AICAR (2 mM) alone was cytotoxic to 2138 cells
and resulted in cell death at 4 h (24%) and 20 h (40%) post treatment (Appendix 7-
3). When combined with ABT-737 or TRAIL after 4 h pre-treatment, cell death was
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increased to 76% and 90% respectively. When combined with ABT-737 or TRAIL
after 20 h pre-treatment, cell death was increased to 79% and 83% respectively,
AICAR appeared to sensitise Z138 cells to both TRAIL and ABT-737. However,
because AICAR resulted in a de-phosphorylation of AMPK-a T172, it was likely
that this effect was independent of AMPK signalling. AICAR has previously been
reported to induce cell death in an AMPK independent manner in certain cell
lines/types (Santidrian et al., 2010).

Next, Z138 cells were treated with AMP (0.2 and 5 mM), direct addition of AMP did
not induce phosphorylation of AMPK-a T172 at any time point analysed (Appendix
7-2). Treatment with AMP (5 mM) for 4 and 20 h did not induce cell death alone
compared to control cells. Additionally, pre-treatment with AMP for 4 and 20 h did
not sensitise Z138 cells to either TRAIL or ABT-737 (Appendix 7-3).

Thapsigargin is a sarcoplasmic- endoplasmic reticulum calcium ATPase inhibitor
(SERCA), which results in Ca** efflux from the ER increasing the cytosolic [Ca**]
(Wictome et al., 1992). Increased cytosolic calcium loading can activate AMPK by
activating the upstream kinase CaMKK-f independently of the AMP:ATP ratio
(Woods et al., 2005). Treatment with thapsigargin (5 uM) resulted in a rapid de-
phosphorylation of AMPK-a T172 at all of the time points analysed (Appendix 7-2).
Additionally, treatment with thapsigargin (5 uM) was extremely cytotoxic, which
resulted in 100% cell death at both 4 and 20 h treatment (Appendix 7-3). Treatment
with the calcium ionophore A23187 (5 uM) resulted in a rapid de-phosphorylation
of AMPK-a T172 at all of the time points analysed (Appendix 7-2). Additionally,
treatment with A23187 (5 uM) was extremely cytotoxic, and resulted in 100% cell

death at both 4 and 20 h treatment (Appendix 7-3).

As the AMPK activators used did not result in AMPK phosphorylation, |
hypothesised that the AMPK inhibitor compound C would reverse the 2DG-
mediated sensitisation to TRAIL. Therefore, Z138 cells were pre-treated with
compound C (5, 10 and 30 uM) for 30 min, followed by 2DG (5 mM) for 4 h and
TRAIL (200 ng/ml) for 4 h (total time for compound C treatment alone was
therefore 8.5 h). Unexpectedly, compound C resulted in dose-dependent cell
death, more strikingly however, compound C-induced cell death was protected by

2DG treatment. When compound C and TRAIL were used in combination, there
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was an additive effect on cell death with 10 and 30 uM compound C, increasing
cell death. When compound C, 2DG and TRAIL were all used together, there was
a compound C dose-dependent decrease in cell death. Strikingly therefore, this
data indicated that 2DG actually protected against TRAIL and compound C
synergism (Appendix 7-4)

4.2.10 Inhibition of AMPK kinase CaMKK-B with STO-609 and transient
knockdown of LKB1 does not prevent 2DG-mediated phosphorylation
of AMPK-a T172

To further rule out the involvement of LKB1 and CaMKK-f in 2DG-mediated AMPK
activation in Z138 cells, CaMKK-B was inhibited with STO-609 and LKB1 was
knocked down with siRNA. Strikingly, when Z138 cells were treated with the
CaMKK-f inhibitor STO-609, basal levels of AMPK phosphorylation were almost
completely ablated (Figure 4-10A left panel). The immunoblots also showed that
ACC S79 phosphorylation was abolished by STO-609. Treatment with STO-609
did not induce a marked down regulation of protein synthesis alone at early time
points, however at later time points (4 h), there appeared to be a minor inhibition of
protein translation (S6 S240/244 de-phosphorylation and an increase in the 4EBP1
a band). The minor inhibition in protein synthesis was not sufficient to reduce
protein expression of Mcl-1. This data indicated that under basal conditions Z138
cells had a high level of endogenous AMPK signalling that was regulated by

CaMKK-f and therefore through calcium and calmodulin flux.

Pre-treatment with STO-609 for 30 min (Figure 4-10A, right panel, lane P) did not
prevent 2DG induced transient phosphorylation of AMPK-a T172 and additionally
ACC S79 phosphorylation still occurred. There was no difference in the
phosphorylation patterns of downstream protein translation markers between 2DG
alone or with STO-609 pre-treatment (Figure 4-10A, compare middle panel with
right panel). Additionally, Mcl-1 protein expression was reduced with the same
kinetics between the two treatment conditions. These results demonstrated that
2DG was regulating the activity of AMPK and expression of Mcl-1 independently of
CaMKK-B.

To determine if 2DG activated AMPK by LKB1 via AMP:ATP ratio changes, LKB1

protein levels were reduced using siRNA transient knock down.
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Figure 4-10 Inhibition of AMPK kinase CaMKK-f and knockdown of LKB1 does not prevent
2DG-mediated phosphorylation of AMPK-a T172. Z138 cells were cultured in standard glucose
media (as described in Figure 4-1) and then treated with either A) 5 uM STO-609, 5 mM 2DG, or
pre-treated with 5 uM STO-609 for 30 min followed by 5 mM 2DG for the indicated times. P
represents 30 min STO-609 pre-treatment alone before the addition of 2DG. Cell pellets were
collected, solubilised and protein expression analysed by immunoblotting with the indicated
antibodies. B) 2138 cells were transfected with STK11 siRNA (LKB1 gene name), the cells were
harvested 24 h post transfection then treated with 5 mM 2DG for 0, 15, 30 and 60 min or C) pre-
treated with 5 pM STO-609 for 30 min (P), followed by 15, 30 and 60 min 5 mM 2DG, then
immunoblotted for LKB1, AMPK-a T172, p-AMPK-a T172 or tubulin. Immunoblots are
representative of at least 2 independent experiments.
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SiRNA of LKB1 resulted in a 60% reduction in protein expression (Li-Cor
densitometry, data not shown). 2DG treatment for 0, 15, 30 and 60 min showed
that reduction in LKB1 protein expression was not sufficient to inhibit transient
phosphorylation of AMPK-a T172 (Figure 4-10B).

Next, to determine if there was redundancy between LKB1 and CaMKK-{ following
2DG treatment, LKB1 was knocked down in combination with STO-609 pre-
treatment prior to treatment with 2DG. Ablating both AMPK kinases was insufficient
to inhibit 2DG mediated phosphorylation of AMPK-a T172. This data, alongside the
inability of AMPK activators to activate AMPK, indicated that it was unlikely that
2DG was activating AMPK and inhibiting protein synthesis through either LKB1 or
CaMKK-f and there may be a third mechanism to activate AMPK in 2138 cells.
However, LKB1 cannot be completely excluded as it is not rate-limiting and even
90% knockdown of LKB1 is sufficient to activate AMPK (Sakamoto et al., 2005).

4.3 Discussion

4.3.1 2DG rapidly reprograms metabolism and sensitises Z138 cells to
apoptosis

In this study | have shown that inhibiting glycolysis with the anti-glycolytic 2DG
rapidly sensitises the mantle cell lymphoma derived Z138 cells to intrinsic and
extrinsic apoptotic inducers. The sensitisation to ABT-737-induced cell killing is far
more rapid than has previously been reported (Robinson et al., 2012) with the ECsg
of ABT-737 being reduced by 50% as quickly as 2 h following glycolysis inhibition
with 2DG (Figure 4-1). Additionally 2DG pre-treatment reduces the ECso of TRAIL
by 40% in 4 h (Figure 4-2). The mode of cell death in combinatorial treatment is
caspase-dependent apoptosis, which can be seen by increasing phosphatidyl
serine exposure to the outer leaflet of the plasma membrane (as measured by
FACS analysis) with increasing 2DG exposure times in both ABT-737 and TRAIL-
induced apoptosis (Figure 4-1 and 4-2). Additionally, immunoblots of the initiator
caspases-8 and -9, and executioner caspase-3 confirms that 2DG rapidly

sensitises TRAIL and ABT-737 to caspase-dependent apoptosis.

Using real time measurements of oxidative phosphorylation and glycolysis, | have

shown that 2DG treatment for 2 h results in metabolic reprogramming or switching
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to increase oxidative phosphorylation by ~16% which is all directly linked to
generating ATP, and forces the cells to respire maximally similar to state-3
respiration (Chance & Williams, 1955). Treatment with 2DG completely ablates
glycolysis; however, extracellular acidification is only reduced by ~55% (Figure 4-
3). This is contrary to work previously performed in our laboratory on Z138 cells
after 20 h treatment with 2DG (Robinson et al., 2012), where 20 h treatment results
in reduction of oxidative phosphorylation and near complete ablation of extra
cellular acidification. It highlights that in the early stages of treatment with 2DG,
exogenous supplementation of pyruvate and glutamax is sufficient to sustain
mitochondrial metabolism and is possibly why Z138 cells do not start undergoing
cell death following 2DG treatment alone until 20 h (Figure 4-1). Comparing these
two studies indicates that the metabolic reprogramming induced by 2DG is
transient, but more importantly, at 2 h post treatment, the remaining acidification
that is not observed at 20 h post treatment is linked to mitochondrial metabolism,
not glycolysis. Treatment with 2DG for 2 h highlights that 45% of the acidification
generated by Z138 cells is respiratory chain driven acidification, 70% of which is
directly linked to ATP production and the remaining 30% derived from the
mitochondrial proton leak. It is not possible with the data presented to determine if
untreated cells also undergo mitochondrial-mediated acidification or if it is induced
by 2DG. It would be interesting however to study this phenomenon further, to
determine to what extent mitochondrial metabolism plays a role in generating an
acidic tumour micro-environment, which is largely attributed to the ‘Warburg effect’;
increased glycolysis and lactate efflux (reviewed in Kato et al., 2013). Additionally,
to determine if 2DG is in fact inducing the mitochondrial-mediated acidification, or
just unmasking its presence would be of important clinical significance to ensure
treatment with 2DG is not generating a survival advantage by increasing the acidity
of the tumour micro-environment. Despite the increase in oxidative phosphorylation
following 2DG treatment, there is still a ~40% reduction in cellular ATP levels by 2
h. This reduction in ATP is likely due to the energetic requirements of

phosphorylating 2DG to 2DG-6-P, shown in Figure 4-3 (schematic).

It has been previously described that Mcl-1 is the primary anti-apoptotic protein
down regulated following 2DG treatment (Pradelli et al., 2010; Robinson et al.,

2012). These studies however, have looked at the cell death mechanisms after late
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time points (16 — 20 h). In this study, the early initiating events that lead to rapid
sensitisation are explored in detail. Perhaps one of the most striking findings is that
Mcl-1 is rapidly down-regulated, 13% by 5 min (Figure 4-8), and 40% by 2 h
(Figure 4-4). This rapid disappearance is not shared between any of the other pro-
or anti-apoptotic proteins, not even Noxa, which does not start to show reduced
expression until 8 — 20 h, despite the short half-life of ~30 min (Craxton et al.,
2012). Bak, Bad and Bcl-x. do not start to show reduced detectability by
immunoblotting until 8 h post 2DG treatment (Figure 4-4). There are two parallel
theories as to how 2DG manipulates Mcl-1 to sensitise cells to apoptotic inducers.
The first being a reduction in expression of Mcl-1, as seen in Z138 cells and my
data support this theory. The second is that 2DG reduces the association of Mcl-1
with Bak, in the absence of reduced Mcl-1 expression, thus liberating Bak to initiate
mitochondrial outer membrane permeabilisation (Yamaguchi et al., 2011). Although
this second mechanism cannot be ruled out in my study, it seems unlikely as Mcl-1
is so dramatically down regulated following 2DG treatment in Z138 cells. An
additional striking observation, is that Z138 cells appear to be addicted to Mcl-1, as
siRNA knockdown induces substantial cell death, the lack of complete knock down
of Mcl-1 following 2DG treatment is likely the reason Z138 cells are resistant to
2DG-induced cell death until 20 h (Figure 4-1). At this time point, the reduced ATP
levels, oxidative phosphorylation and abolished glycolysis described by Robinson
et al., 2012 likely synergise with the reduced Mcl-1 expression levels to engage

apoptosis.

4.3.2 2DG activates both AMPK and Akt

It has been previously described that 2DG can activate AMPK (Pradelli et al.,
2010), an effect that appears to be maintained. My study however, identifies a
rapid and transient increase in AMPK-a T172 phosphorylation, which is completely
ablated by 60 min (Figure 4-6), even in the presence of a sustained reduction in
ATP levels (Figure 4-3). Assuming that the adenylate kinase reaction is functional
in this system, it would attempt to maintain an AMP:ATP equilibrium by converting
two ADP to one each of AMP and ATP (Hardie, 2013). This reaction would
therefore increase the AMP:ATP ratio in the presence of the sustained reduced
levels of ATP following 2DG treatment. The increased AMP should bind to the

AMPK-y regulatory sub-unit, inducing a conformational change allowing LKB1 to
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phosphorylate AMPK-a T172. Considering the sustained reduction in ATP levels, it
is therefore striking that the phosphorylation of AMPK-a T172 is only transient.

Additionally, transient activation of AMPK appears to be sufficient to maintain
partial inhibition of protein synthesis (Figure 4-8). Inhibition of protein synthesis,
specifically by de-phosphorylation and inactivation of p70S6K induces a feed-back
loop that activates Akt through the IRS-1/PI13K signalling axis (reviewed in Martelli
et al., 2010). It is however, unlikely that this feed-back loop is responsible for the
Akt survival signal, as the insulin receptor tyrosine kinase inhibitor HNMPA-(AM)3
does not prevent 2DG-mediated induction of Akt signalling (Appendix 7-5A), which
is in agreement with other reports that Akt activation by 2DG is independent of
AMPK signalling (Zhong et al., 2008). The reduction in expression of Mcl-1
appears to be independent of GSK-38 signalling, which is activated following the
initial 2DG-mediated inhibition of Akt. In-fact, GSK-3 inhibition results in a
decrease in total Mcl-1 protein expression, which is contrary to previously
published reports (Ding et al., 2007). There is a bi-phasic relationship between
AMPK and Akt signalling, whereby either one or the other is activated, but not both
together following 2DG treatment, which is not surprising as they induce opposing
effects on catabolic and anabolic pathways. It is interesting though that Akt
activation appeared to be insufficient to re-activate protein synthesis after the initial
inhibitory signal generated through AMPK.

It is puzzling that the panel of activators used in Figure 4-9 to stimulate an AMPK
activation response did not produce the results expected. It is even more striking
that four of six compounds (phenformin, AICAR, thapsigargin and A23187) actually
induced a de-phosphorylation of AMPK-a T172. It is possible that endogenous
AMPK activity is stimulated maximally by CaMKK-B, which is why no further
phosphorylation is observed following thapsigargin and A23187. It may also be that
the compounds are so extremely cytotoxic, that Z138 cells are dying much more
rapidly than the time points assessed, which may explain the rapid de-
phosphorylation. As four of the six activators induce AMPK activation through
LKB1, and Z138 cells did not respond, it agrees with the argument in 4.3.1,
whereby a sustained reduction in ATP levels should maintain AMPK activation, but
it did not. This suggests that 2DG mediated activation of AMPK is probably
independent of LKB1 signalling. Further to this, transient knockdown of LKB1 alone
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did not prevent 2DG from activating AMPK (Figure 4-10). More interestingly,
inhibition of CaMKK-B with STO-609 almost completely ablated basal AMPK-a
T172, but did not prevent 2DG from inducing transient AMPK activation. Combining
LKB1 knockdown and CaMKK-f inhibition additionally did not prevent 2DG from
transiently activating AMPK. Similar results have been previously described by
Jeon et al., 2012, who could not identify the kinase responsible for 2DG-mediated
activation of AMPK, but did implicate hexokinase as the critical factor. Z138 cells
express both Hexokinase | and Il (Appendix 7-5B), so knockdown/out of these
proteins followed by 2DG treatment to determine if hexokinases are implicated in
2DG-induced AMPK-a T172 transient phosphorylation would be interesting.

Inhibition of AMPK with compound C alone induces cell death, additionally, it was
extremely difficult to knock down the AMPK-a subunits (maximal knock down 35%,
data not shown), and therefore, it appears that AMPK is critically required for the
survival of Z138 cells. AMPK therefore acts as a two edge sword — activation can
sensitise cells to apoptosis, but ablation of function/expression is lethal, and is
therefore both a survival signal and a death signal depending on the context. To
more definitively conclude the neccesaty of AMPK on Z138 cell survival, complete
genetic ablation of AMPK would be required. This is because compound C is the
only AMPK inhibitor and unfortunately is very unspecific (Bain et al., 2007), cell
death may therefore have been a result of inhibition of other key kinases. A

summary of the key findings are depicted in Figure 4.11.

In summary, my study shows that the biological effects of 2DG on cell death,
metabolism and cell signalling are far more rapid and complex than has been
previously examined. The major contributing protein to 2DG’s sensitisation to cell
death is the anti-apoptotic protein Mcl-1 and reduction of expression of Mcl-1 is
controlled translationally by AMPK. However the mechanism that 2DG induces to
activate AMPK transiently in Z138 cells remains unknown. My results suggest that
it is highly unlikely to be either LKB1 or CaMKK-[3, however as previously stated,
LKB1 is not rate limiting for AMPK activation, and the 60% knockdown achieved in
my studies may not have been sufficient to completely ablate it kinase activity.
Conversely, AMPK activators that function through LKB1 do not result in AMPK-a
T172 phosphorylation in Z138 cells, suggesting an LKB1 independent role.
Activating AMPK pharmacologically to reduce Mcl-1 and sensitise cancers to
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therapeutics is an active area of cancer research. If alternative mechanisms of
AMPK activation exist, which this study suggests is a probability; then
characterising them could be of clinical significance. Additionally, because 2DG
can activate AMPK by LKB1 and CaMKK-f in certain cell lines/types, identifying a
third route of activation would make 2DG a powerful, well-tolerated clinical agent to
sensitise a wide range of tumours to cell death. An example being the ongoing
studies in our laboratory that have successfully sensitised notoriously resistant
primary mesothelioma cells (patient derived cells and ex plants) to cell death by

combinatorial treatment with 2DG.
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Figure 4-11 Model of the identified results following 2DG treatment. 2DG resulted in metabolic
reprogramming which resulted in the transient phosphorylation and activation of AMPK
independently of LKB1 and CaMKK-f3, which resulted in the inhibition of protein translation and a
reduction in Mcl-1. 2DG-induced Akt activity was insufficient to reactivate protein synthesis, and the
initial Akt de-activation activated GSK-3, although this appeared to not regulate Mcl-1 expression.
7138 cells critically rely on AMPK for survival, inhibition with compound C induced cell death. The
reduction in Mcl-1 was the major determinant of sensitivity to both TRAIL and ABT-737-induced cell
killina
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5.1 Introduction

Cancer cells preferentially utilise aerobic glycolysis instead of the energetically
favourable oxidative phosphorylation pathway (Warburg, 1956), resulting in
increased rates of glycolysis and carbon-flux into the pentose-phosphate-pathway
(PPP), enhancing production of macro-molecular precursors and facilitating
hypertrophy and hyperplasia (Jiang et al., 2014; Patra & Hay, 2014). As a result of
this diminished reliance on mitochondrial oxidative phosphorylation,
agents/treatments which target glycolysis can have profound effects on cell
survival. The realisation that metabolic status can modulate the cell response to
chemicals can also have important consequences for predicting adverse toxicity,

particularly in respect to unexpected drug-induced mitochondrial dysfunction.

Drug-induced mitochondrial toxicity tends to be directed against highly energetic
and mitochondria rich organs (such as the heart, liver, kidneys), and has been
implicated as a major factor in adverse drug reactions and subsequent withdrawal
of drugs from the market, for example troglitazone and cerivastatin were withdrawn
in 1997 and 2001 respectively (Will & Dykens, 2014). Mitochondria rich organs
require high rates of blood flow and thus are exposed to high levels of circulating
xenobiotics and so are more susceptible to mitochondrial toxins, which has
resulted in the need for high through put in vitro predictive models to identify
potential drugs that induce mitochondrial dysfunction at an early stage in

development

Glucose™® 7138 cells have a completely ablated glycolytic pathway and up-
regulated oxidative phosphorylation to compensate, while glycolysis is also ablated
in 2DG treated cells. The conversion of 2DG to 2DG-6-P is an energy consuming
process, and this results in different sensitisation effect to TRAIL and ABT-737
induced cell killing (Robinson et al., 2012). An additional way to study the effects of
altered cancer cell metabolism on cell killing is by maintaining cells in glucose-free
media, supplemented with galactose, which switches the cells to rely on oxidative
phosphorylation. In this model galactose is still metabolised through glycolysis and
intermediates are still fed into the PPP, but at the expense of 2 Pi (1 Piand 1 UTP;
see chapter 1.6), in addition to the ATP used in glycolysis, so a net gain of energy
can only be generated from mitochondrial oxidative phosphorylation. Moreover,
GLUT’s have a much lower affinity for galactose than glucose and so it is imported
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into the cell at a much slower rate (Wagner et al., 1991); once in the cell, galactose
is metabolised 8 fold slower than glucose by the rate limiting galactokinase (Kase
et al., 2013). Cells that are dependent on oxidative phosphorylation are more
susceptible to drug-induced mitochondrial toxicity (Marroquin et al., 2007; Rana et
al.,, 2011) and may potentially provide a useful high through put model to
investigate drug-induced mitochondrial liabilities at an early stage in development.

| have investigated this interplay between cell death and metabolism using a
mantle cell ymphoma derived cell line, Z138, with the aim of investigating what the
effects of galactose metabolism are on TRAIL and ABT-737-induced cell death,
additionally how this model affects cell death following treatment with classical
mitochondrial poisons. To investigate this, cell metabolism was switched so that
cells relied on mitochondrial oxidative. Firstly, the metabolic profile of 2138 cells
grown on galactose media was assessed using a Seahorse XF24 and analysed in
detail to demonstrate successful metabolic reprogramming. Then, Z138 cells were
treated with classical inhibitors of the mitochondrial oxidative phosphorylation
system (namely oligomycin, rotenone and antimycin), in the presence or absence
of cell death inhibitors. Cell death was then analysed by Annexin-V/PI FACS
analysis to determine the degree and mode of cell death, which showed that
classical mitochondrial poisons resulted in necrosis in galactose™® cells. Cells
were then treated with metformin and phenformin, complex | inhibitors, metformin
was not toxic in Z138 cells, but phenformin, a more potent inhibitor of the
respiratory chain (Wheaton et al., 2014), recapitulated the necrotic response
observed with canonical inhibitors. The effect of culturing cells in galactose on
TRAIL and ABT-737-induced cell killing was also evaluated, which showed that
metabolic reprogramming decreased the sensitivity to both, however, ABT-737
induced necrosis in the presence of zVAD.fmk in galactose™* cells. Dose response
curves for rotenone and antimycin were generated using the Seahorse XF24 which
showed that sensitivity to respiratory chain inhibition was decreased following

metabolic reprogramming.

| next investigated if the observed differences in cell death between glucose™® and
galactose™® cells, following treatment with the drugs and mitochondrial poisons
could be explained by analysing the mitochondrial proteome from glucose™"® and
galactose™* cells. Additionally, because drug-induced mitochondrial dysfunction
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can present as more than direct inhibition of the oxidative phosphorylation system,
such as changes in protein expression or the increase in certain species of ROS

¢ and galactose™*®

for example, immunopurified mitochondria from glucose™"
cultured cells were analysed by label-free quantitative mass spectrometry. The aim
was to investigate if mass spectrometry coupled to bioinformatics programs could
identify proteomic changes at the level of the mitochondrial proteome and to use
pathway mapping software to predict any changes in cellular homeostasis as a
result of the metabolic switch from the mitochondrial proteome data. These results
identified that the majority of the proteins involved in the respiratory chain were up-
regulated in galactose™ cells, which potentially explains the decreased sensitivity
to rotenone and antimycin-induced respiratory chain inhibition. Moreover, pathway
and network mapping in Ingenuity successfully predicted the inhibition of Bak, Bax,

and protein synthesis and the activation of Akt survival signalling.
5.2 Results

5.2.1 Galactose™* 7138 cells undergo metabolic reprogramming

Work previously described in our laboratory (Robinson et al., 2012 and Chapter 4)
has shown that inhibiting glycolysis by chronic glucose deprivation or treatment
with the anti-glycolytic 2DG can have opposing effects on both cellular metabolism
and sensitivity to cell death. An alternative means of reprogramming cells to rely on
oxidative phosphorylation in vitro is to culture them in glucose free media,
supplemented with galactose, whereby they have a fully functional glycolytic
capacity but generate a net of 0 ATP from glycolysis (see Chapter 1.6); therefore,
all energy is produced by the mitochondria. | investigated the effects of galactose
based media on cellular metabolism using a Seahorse XF24 extra cellular flux
analyser. The metabolic profile of Z138 cells cultured in galactose medium was
assessed after culturing the cells in glucose free media, supplemented with 11.1
mM D-galactose, 1 mM sodium pyruvate, 2 mM glutamax and 10% FCS for at least
7 days before experimentation. Glucose™® and galactose™ cells were seeded at
4.5 x 10° cells/well in Seahorse culture plates and OCR and ECAR was evaluated
to generate the metabolic parameters as detailed in Figure 3-6. Z138 glucose™®
cells had a basal oxidative phosphorylation of 313 + 16 pmol/min/10° cells, which

was up-regulated by 69% in galactose*"®
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Figure 5-1 Culturing Z138 cells in galactose induces metabolic reprogramming. Z138 cells
were cultured in 11.1 mM glucose (green symbols) or 11.1 mM galactose (red symbols)
supplemented with, 1 mM sodium pyruvate, 2 mM glutamax and 10% FCS and then oxidative
phosphorylation and glycolysis were analysed as described in Chapter 3. Cells were seeded at 4.5 x
10° cells/well and the indicated inhibitors added sequentially as shown in panel A. A) The OCR of
glucose™ (o) and galactose™* (m) cells are shown as green and red symbol respectively, following
a mitochondrial stress test. B) Various bioenergetics parameters were calculated (see Figure 3-6) to
show basal, ATP linked, maximal, RRC, proton leak and non-mitochondrial OCR values. C) Basal
OCR and ECAR values were plotted against each other to show metabolic reprogramming of
galactose™ cells. D) The ECAR trace of glucose™"® and galactose™ cells after sequential injection
of mitochondrial inhibitors E) were plotted as a bar chart to show the average rates. F) ECAR values
generated by glycolysis and the mitochondrial electron transport chain were calculated (see Figure
3-6). Data representative of 3 independent experiments, error bars represent mean + SEM. Error
bars are + SEM. Star (*) represents p < 0.05 (Students t test)
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cells to 530 + 38 pmol/min/10° cells. These results indicated that metabolic
reprogramming or switching to an oxidative metabolism was induced by culturing
the cells in galactose (Figure 5-1A and B). The ATP synthase inhibitor oligomycin
reduced the respiration in glucose™*"® and galactose™® cells, to 115 + 27 versus 161
+ 59 pmol/min/10° cells, respectively. ATP linked OCR was not completely ablated
after the first reading taken by the Seahorse, however by the second reading (14
min) oligomycin reduced the OCR to the same extent in both glucose™® and
galactose™® cells. These results showed that the up-regulated basal oxidative
phosphorylation in galactose™* cells was entirely linked to ATP synthesis, which
was 70% higher in galactose™® cells (370 + 42 pmol/min/10°) compared to
glucose™® cells (198 + 11 pmol/min/10° cells) (Figure 5-1B)

After oligomycin, FCCP was added to uncouple the ATP synthase from the
respiratory chain to determine the cells maximal respiration rate. FCCP stimulated
respiration was calculated by averaging the first data point generated from each
individual experiment. There was no difference in the maximal respiration rate
between galactose™® and glucose™® cells (457 + 39 versus 466 + 29 pmol/min/10°
cells respectively) (Figure 5-1B). Subtracting the maximal respiration from the
basal respiration is a measure of the RRC (see Figure 3-6). Glucose™* cells had
an RRC of 153 + 22 pmol/min/10° cells, which meant that under conditions of
energetic stress the cells could up-regulate oxidative phosphorylation. In contrast,
galactose™® cells had an RRC of -74 + 37 pmol/min/10° cells, these results showed
they were respiring maximally, similar to state-3 respiration (Chance & Williams,
1955). Interestingly, galactose™® cells sustained FCCP stimulated respiration
(Figure 5-1A), similar to the results observed in Chapters 3 and 4, where inhibition
of glycolysis by glucose deprivation or 2DG, respectively, sustained uncoupler

stimulated respiration

Following FCCP, the NADH dehydrogenase (complex I) inhibitor rotenone (1 uM)
was added to block the respiratory chain at the most upstream component. Any
remaining OCR after rotenone inhibition is due to non-mitochondrial oxygen
consumption or from succinate metabolised at complex I, which was 41% higher in
galactose™® cells (71 + 35 pmol/min/10° cells) compared to glucose™ cells (50 +
23 pmol/min/10° cells), however this difference was not statistically significant (p =
0.634, t-test). The difference in respiratory chain inhibition between oligomycin and
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rotenone is due to the mitochondrial proton leak, which was similar between
galactose™® and glucose*® cells (89 + 53 versus 66 + 21 pmol/min/10° cells

respectively)

Metabolic reprogramming or switching the cells to rely on mitochondrial oxidative
phosphorylation is shown in Figure 5-1C. Representative ECAR traces generated
from a standard mitochondrial stress test in glucose™® and galactose™ cells are
shown in Figure 5-1D. Galactose*" cells had a basal ECAR of 14 + 3 mpH/min/10°
cells, 70% less than glucose ™ cells (43 + 10 mpH/min/10° cells). Since galactose
is metabolised through the glycolysis pathway, the effects the mitochondrial
inhibitors had on ECAR were analysed to determine if the basal ECAR in
galactose™* cells was glycolytic acidification (lactic acid efflux) or respiratory chain
driven acidification (mitochondrial H* efflux). Oligomycin did not significantly affect
the ECAR in glucose™® cells, which indicated that glycolysis was maximal under
basal conditions (Figure 5-1F), as such there was no spare glycolytic capacity

available to the cells (-3 + 2 mpH/min/10° cells)

In galactose*"® cells, the basal ECAR was 14 + 3 mpH/min/10° cells, which was
reduced to 6 + 2 mpH/min/10° cells following oligomycin (Figure 5-1D and E),
which showed that 7 + 0.5 mpH/min/10° cells was derived from ATP linked
mitochondrial oxidative phosphorylation. FCCP increased the ECAR to 11 + 2
mpH/min/10° cells in galactose**® cells, which was attributable to respiratory chain
derived proton extrusion from uncoupler stimulated respiration. Rotenone reduced
the ECAR to 3 + 0.8 mpH/min/10° cells, which showed that 4 + 2 mpH/min/10° cells
may have been derived from the mitochondrial proton leak (Figure 5-1F). Thus, in
Z138 cells grown in galactose, 11 + 3 mpH/min/10° cells was from respiratory
chain driven acidification generated from ATP synthase derived proton extrusion
and respiratory chain proton generation. The remaining 3 + 0.8 mpH/min/10° cells
was a combination of non-mitochondrial acidification and possibly glycolytically
generated lactic acid. These results showed that the metabolised galactose was
probably being converted to pyruvate and diverted into the TCA cycle to up-
regulate and sustain mitochondrial oxidative phosphorylation, and not converted to

lactic acid and expelled from the cell.
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5.2.2 Oligomycin may induce non-canonical programmed cell death in
galactose™® cells

It has been previously shown that cells cultured on a galactose based medium are
more susceptible to drug-induced mitochondrial toxicities in hepatocellular
carcinoma HepG2, H9c2 cardiac and L6 skeletal muscle cells (Marroquin et al.,
2007; Dykens et al., 2008; Rana et al., 2011; Dott et al., 2014). However this has
not been tested in a hematopoietic cell line before. Therefore, glucose™® and
galactose™® 72138 cells were pre-treated with or without different combinations of
the caspase inhibitor zVAD.fmk (50 uM) and the RIPK1 inhibitor Nec-1 (50 puM) for
60 min, and then treated with a range of oligomycin (ATP synthase inhibitor)
concentrations (0 — 1000 nM) for 16 h, and cell death assessed using Annexin-V/PI
FACS analysis. FACS dot plots from glucose™® cells treated with 1000 nM
oligomycin in the presence or absence of different cell death inhibitors are shown
in Figure 5-2A. Oligomycin did not induce any total cell death (PS+/PI- and

PS+/Pl+, herein referred to as PS+) at any oligomycin concentration (Figure 5-2C).

Conversely, galactose™® cells underwent ~60% total cell death at the lowest
oligomycin concentration (31.25 nM). The degree of cell death did not increase
above ~60% at any of the higher oligomycin concentrations (Figure 5-2C). The cell
death phenotype appeared to be apoptotic, as ~50% of the cells underwent
phosphatidyl serine externalisation while maintaining plasma membrane integrity
I.e. PS+/PI- (top left quadrant, Figure 5-2B and D). Interestingly however, inhibition
of caspases with zZVAD.fmk alone or in combination with Nec-1 did not prevent cell
death, and the phenotype remained ‘apoptotic’ (PS+/PI-). It was therefore unlikely
that cell death following oligomycin was canonical caspase-dependent apoptosis,
or necrosis (PS+/PI+). It appeared therefore, that oligomycin-induced cell death in
galactose™* cells may be a form of programmed cell death, independent of both

caspases and RIPK1 signalling.

5.2.3 Rotenone induces necrosis in galactose™* cells

The results from 5.2.2 showed that galactose®®

cells were susceptible to
oligomycin-induced cell death, and that the cell death phenotype was caspase-
independent, and potentially a non-canonical form of programmed cell death. | next

investigated whether this phenomenon occurred in the presence of another
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Figure 5-2 Galactose'"® cells are sensitive to oligomycin-induced cell death. Galactose™® and
glucose™® 7138 cells were pre-treated with 50 pM zVAD.fmk and 50 pM Nec-1 alone or in
combination for 60 min followed by oligomycin ( 0 — 1000 nM). A) Example FACS analysis of
Annexin-V (PS+) labelling and propidium iodide (Pl+) fluorescence in glucose ™" cells after treatment
with oligomycin (1000 nM) following different combinations of death inhibitors shows that cells are
alive in the bottom left quadrant (PS-/PI-). B) Galactose™"* cells treated with oligomycin (1000 nM)
underwent cell death with most of the cells detected in the apoptotic quadrant (PS+/PI-), evenin the
presence of zVAD.fmk and Nec-1. C) The total cell death (PS+/Pl+ and PS+/Pl+, herein referred to
as PS+) was calculated and plotted as a concentration effect curve. D) Concentration effect curve of
apoptotic cell death (PS+/PI-). E) Concentration effect curve of necrotic cell death (PS+/PI+). Data
are a representative example from 2 independent experiments.
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¢ and glucose™®

classical mitochondrial poison, rotenone. Therefore galactose™
cells (as described in 5.2.2) were pre-treated with or without different combinations
of zVAD.fmk (50 uM) Nec-1 (50 uM) for 60 min, and then treated with a range of
rotenone (NADH dehydrogenase inhibitor) concentrations (0 — 1000 nM) for 16 h,
and cell death assessed using Annexin-V/PI FACS analysis. FACS dot plots from
glucose™® cells treated with 1000 nM rotenone in the presence or absence of
different cell death inhibitors is shown in Figure 5-3A, and shows that rotenone did

not induce cell death at any of the concentrations used (Figure 5-3A and C).

Conversely, galactose™* cells showed a concentration effect response to rotenone
(Figure 5-3C); total cell death increased to a maximum (~80%) at 500 nM. With
increasing rotenone concentrations the cell death phenotype increased equally
between the apoptotic (Figure 5-3D) and the secondary apoptotic/necrotic
quadrants (Figure 5-3E). Pre-treatment with the caspase inhibitor zZVAD.fmk did not
significantly ablate rotenone-induced cell killing at any rotenone concentration.
Additionally, pre-treatment with combinations of zVAD.fmk and Nec-1 or Nec-1
alone did not prevent rotenone-induced cell death (Figure 5-3C). Interestingly,
analysis of the FACS dot plots from galactose™"® cells after different pre-treatments
followed by rotenone (1000 nM), showed that the mode of cell death appeared to
be primarily necrosis with the dead cells detected in the necrotic quadrant, which
indicated of loss of plasma membrane integrity in the absence of phosphatidyl
serine exposure. Dead cells in the apoptotic quadrant were also progressing
diagonally, and were also likely to be undergoing necrosis. Both oligomycin (5.2.2)
and rotenone induced cell death in galactose™* cells, while glucose™ cells were
resistant to these classical mitochondrial poisons, which confirmed that Z138

grown in galactose media were extremely sensitive to mitochondrial toxins.

5.2.4 Antimycin induces necrosis in galactose™® cells

It was striking that two classical inhibitors of mitochondrial oxidative
phosphorylation, namely oligomycin (5.2.2) and rotenone (5.2.3) resulted in
different cell death phenotypes in galactose™® cells. It appeared, therefore that
inhibition of the ATP synthase complex induced a different form of cell death to that

induced by inhibition of the respiratory chain. To test this, Z138 galactose*"®
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Figure 5-3 Rotenone induces necrosis in galactose™* cells. Galactose™* and glucose™® 7138
cells were pre-treated with 50 uM zVAD.fmk and 50 uM Nec-1 alone or in combination for 60 min
followed by rotenone ( 0 — 1000 nM). A) Example FACS analysis of PS+ labelling and propidium
iodide (PI+) fluorescence in glucose™® cells after treatment with rotenone (1000 nM) following
different combinations of death inhibitors, alive cells were detected in the bottom left quadrant B)
Galactose™* cells treated with rotenone (1000 nM) were detected in the apoptotic and necrotic
quadrants. C) The total cell death was calculated and plotted as a concentration effect curve. D)
Concentration effect curve of apoptotic cell death. E) Concentration effect curve of necrotic cell
death. Data are a representative example from 2 independent experiments.
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and glucose™® cells (as described in 5.2.2) were pre-treated with or without
different combinations zVAD.fmk (50 uM) and Nec-1 (50 uM) for 60 min, and then
treated with a range of antimycin (Q-cytochrome c oxidoreductase [complex I11]
inhibitor) concentrations (0 — 1000 nM) for 16 h, and cell death assessed using
Annexin-V/Pl FACS analysis. FACS dots pots from glucose™® cells treated with
1000 nM antimycin in the presence or absence of different cell death inhibitors is
shown in Figure 5-4A and shows that antimycin did not induce any death following
any antimycin concentrations used (Figure 5-4A and C), similar to the response

observed with oligomycin and rotenone.

Conversely, galactose™* cells were sensitive to antimycin-induced cell killing, and
underwent 50% total cell death at the lowest antimycin concentration (31.25 nM)
which increased to ~70% total cell death by 1000 nM antimycin. The mode of cell
death appeared to primarily secondary apoptosis/necrosis (Figure 5-4B and E),
with only a small degree of apoptotic cell death (Figure 5-4D), which was maximal
(~20%) following 1000 nM antimycin. Analysis of the FACS dot plots from
galactose™* cells after different pre-treatments followed by antimycin (1000 nM),
showed that the mode of cell death appeared to be primarily necrosis (Figure 5-
4B). Like rotenone, antimycin-induced cell death resulted in a direct shift in dead
cells to the necrotic quadrant, which was indicative of loss of plasma membrane
integrity in the absence of phosphatidyl serine exposure. The results obtained with
oligomycin, rotenone and antimycin showed that inhibition at different points of the

oxidative phosphorylation system produced different forms of cell death.

5.2.5 Galactose™* cells are less sensitive to respiratory chain inhibition
A previously published study has shown that the skeletal muscle cell line, L6,
cultured in galactose did not have altered sensitivity to antimycin-induced
respiratory chain inhibition compared to glucose cultured controls, as determined
by Seahorse analysis (Dott et al., 2014). To investigate if this occurred in Z138
cells, glucose™* and galactose™® cells (as described in 5.2.2) were seeded at 4.5 x
10° cells/well in Seahorse culture plates and a standard mitochondrial stress test
was performed (oligomycin, FCCP then rotenone or antimycin). The OCR was
evaluated following a rotenone or antimycin dose response (0 to 100 nM — 2 fold
serial dilutions). Glucose™® cells were extremely sensitive to rotenone at all

concentrations (Figure 5-5A); the OCR was inhibited by 50% of basal levels
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Figure 5-4 Antimycin induces necrosis in galactose™* cells. Galactose™*® and glucose™® 7138
cells were pre-treated with 50 uM zVAD.fmk and 50 uM Nec-1 alone or in combination for 60 min
followed by antimycin ( 0 — 1000 nM). A) Example FACS analysis of PS+ labelling and propidium
iodide (PI+) fluorescence in glucose™* cells after treatment with antimycin (1000 nM) following

different combinations of death inhibitors, alive cells were detected in the bottom left quadrant B)

Galactose™® cells treated with antimycin (1000 nM) were mainly detected in the necrotic quadrant.
C) The total cell death was calculated and plotted as a concentration effect curve. D) Concentration
effect curve of apoptotic cell death E) Concentration effect curve of necrotic cell death. Data are a
representative example from 2 independent experiments.
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immediately at all concentrations (3.125 — 100 nM nM). Conversely, galactose*"®
cells were less sensitive to rotenone-induced respiratory chain inhibition; rotenone
(12.5 — 100 nM) inhibited the OCR by 50% immediately (Figure 5-5B).However,
rotenone (6.25 nM) inhibited the respiratory chain by 50% in 24 min (ICso min), and
the lowest concentration of rotenone (3.125 nM) did not achieve 50% inhibition of
the OCR even after 55 min with the inhibitor (Figure 5-5B and C). These results
indicated that the up-regulated basal oxidative phosphorylation observed in
galactose™® cells (5.2.1) may have been due to increased expression of complex |,
because rotenone binds non-competitively to the NADH dehydrogenase
ubiquinone binding site at the iron sulphur cluster in NDUFS2 (Fendel et al., 2008),
and therefore it is possible that increased expression of complex | was also
responsible for reduced sensitivity to rotenone-induced inhibition of the respiratory

chain.

In glucose™® cells, inhibiton of OCR by antimycin was both time and
concentration-dependent. At the higher concentrations (25 — 100 nM) antimycin
produced 50% inhibition of the OCR immediately, whereas at the lower
concentration (12.5 nM), 50% inhibition of the OCR was achieved within 14 min,
which increased to 50 min following 6.25 nM antimycin. (Figure 5-5D and F).
Galactose™* cells were less sensitive to respiratory chain inhibition by antimycin
compared to glucose™ cells. Antimycin (50 -100 nM) produced 50% inhibition of
OCR immediately; however lower concentrations of antimycin (25 nM) inhibited the
OCR by 50% within 6 min, which increased to 26 min in the presence of 12.5 nM of
antimycin. The two lowest concentrations (3.125 — 6.25 nM) of antimycin did
produce 50% inhibition even after 55 min of incubation with the inhibitor (Figure 5-5
E and F). Antimycin binds specifically to the quinone reduction site in the complex
Il (Huang et al., 2005); and therefore the decreased sensitivity to antimycin-
induced inhibition of oxidative phosphorylation and the up-regulated basal OCR
seen in 5.2.1, may be due to up-regulated expression the cytochrome c

oxidoreductase complex.

5.2.6 Phenformin induces necrosis in galactose™* cells
Z138 cells cultured in galactose were extremely sensitive to the mitochondrial
toxicity caused by three classic potent inhibitors of the mitochondrial oxidative

phosphorylation system, namely oligomycin, rotenone and antimycin, as
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determined by assessing the degree and mode of cell death with Annexin-V/PI
FACS analysis. | next determined if galactose™® Z138 cells could be used to
identify drug-induced mitochondrial toxicity with non-specific inhibitors of
mitochondrial function. Therefore, glucose™® and galactose™* cells (as detailed in
5.2.2) were pre-treated with zZVAD.fmk (50 uM) with or without Nec-1 (50 uM) for
60 min, followed by a range of concentrations (0 — 1000 uM) of the biguanides
metformin or phenformin. Metformin and phenformin are believed to inhibit the
respiratory chain at complex I, although the mechanism is not fully understood
(Wheaton et al., 2014). Metformin did not induce cell death any concentration in
glucose™® or galactose™® cells, irrespective of pre-treatment with the inhibitors
(Appendix Figure 7-6).

Similarly, glucose™® cells treated with 1000 pM phenformin in the presence or
absence of different cell death inhibitors did not produce any cell death (Figure 5-
6A and C). However, galactose™® cells were resistant to phenformin-induced cell
death from 0 — 250 pM, but from 500 — 1000 uM, the cells exhibited a
concentration effect response in the presence of phenformin (Figure 5-6B and C).
Total cell death increased in a concentration-dependent manner up to a maximum
of ~60% following 1000 uM. The mode of cell death appeared to be primarily
secondary apoptosis/necrosis (Figure 5-6B and E). Pre-treatment with the caspase
inhibitor zZVAD.fmk did not significantly ablate phenformin-induced cell killing at any
concentration. Additionally, the combination of zZVAD.fmk and Nec-1 did not inhibit
phenformin-induced cell death (Figure 5-6C). Interestingly, analysis of the FACS
dot plots from galactose™® cells after different death inhibitor pre-treatments
followed by phenformin (1000 uM), confirmed that the mode of cell death appeared
to be primarily necrosis, as dead cells were detected in the upper right quadrant.
This was similar to the results observed with inhibition of complex | with rotenone
(5.2.3) and antimycin (5.2.4).

5.2.7 Galactose™® cells are less sensitive to TRAIL-induced cell killing,
and have a limited capacity to switch to TRAIL-induced necroptosis

Using galactose cultured cells is a powerful tool to study the effect of cellular
metabolism on drug-induced cancer cell death. Work previously published from our

laboratory (Robinson et al., 2012) and the results presented in
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Figure 5-6 Galactose™"® cells are sensitive to phenformin-induced cell death. Galactose™* and
glucose™® 7138 cells were pre-treated with 50 pM zVAD.fmk and 50 uM Nec-1 alone or in
combination for 60 min followed by phenformin ( 0 — 1000 uM). A) Example FACS analysis of PS+
labelling and propidium iodide (PI+) fluorescence in glucose ™ cells after treatment with phenformin
(1000 pM) following different combinations of death inhibitors, alive cells were detected in the
bottom left quadrant B) Galactose™® cells treated with phenformin (1000 pM) were mainly detected
in the necrotic quadrant. C) The total cell death was calculated and plotted as a concentration effect
curve. D) Concentration effect curve of apoptotic cell death E) Concentration effect curve of necrotic
cell death Data are a representative example from 2 independent experiments.
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Chapters 3 and 4 have shown that inhibition of glycolysis by chronic glucose
deprivation or treatment with the anti-glycolytic 2DG can dramatically alter the cells
response following TRAIL and ABT-737-induced cell death. Glucose deprivation
completely ablates glycolysis with no energetic demand; conversely, 2DG ablates
glycolysis at the expense of ATP (see Figure 4-3). | next investigated the effect of
culturing cells in galactose on TRAIL-induced cell death, therefore glucose™® and
galactose™® cells (as described in 5.2.2) were pre-treated with or without different
combinations of zZVAD.fmk (50 uM) and Nec-1 (50 uM) for 60 min, and then treated
with a range of TRAIL concentrations (0 — 1000 ng/ml) for 16 h, and cell death
assessed using Annexin-V/PI FACS analysis.

In glucose™®

cells, TRAIL-induced cell killing was primarily apoptotic at all
concentrations (Figure 5-7A, C and D). The concentration effect response on total
cell death is shown in Figure 5-7C. TRAIL-induced apoptosis was maximal (100%)
following 250 ng/ml. TRAIL-induced cell death was partially inhibited by the pan-
caspase inhibitor zVAD.fmk (60% cell death with 1000 ng/ml), however, similar to
glucose™® UPNL1 cells (Chapter 3, Figure 3-3) inhibition of TRAIL-induced cell
death resulted in an intermediate PS+ population of cells. Addition of zZVAD.fmk in
combination with Nec-1 completely ablated all TRAIL-induced cell killing. These
results demonstrated that Z138 cells can switch to TRAIL-induced necroptosis, and
that the intermediate PS+ population of cells was RIPK1-dependent, similar to the

results obtained with UPN1""® cells in Chapter 3.

Glucose deprived Z138 cells have been shown to be less sensitive to TRAIL-
induced cell death (Robinson et al., 2012); galactose™® cells were also less

e

sensitive to TRAIL-induced cell killing (Figure 5-7C). Like glucose™® cells,
galactose™* cells primarily underwent apoptotic cell death (Figure 5-7B, D and E),
as shown by the FACS dot plots following 1000 ng/ml TRAIL (Figure 5-7B). Pre-
treatment with zZVAD.fmk completely blocked TRAIL-induced cell killing at low
TRAIL concentrations (31.25 - 62.5 ng/ml), however, at higher concentrations (125
— 1000 ng/ml), zZVAD.fmk did not completely inhibit cell death (Figure 5-7C).
Despite the incomplete block of cell death, galactose™* cells were more sensitive
to zVAD.fmk-mediated inhibition of TRAIL-induced cell death (30% cell death at

1000 ng/ml). Similar to glucose™ cells, galactose™* cells pre-treated with
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Figure 5-7 Galactose™ cells are less able to switch to TRAIL-induced necroptosis. Z138 cells
cultured in standard glucose or galactose media were pre-treated with 50 uM zVAD.fmk and 50 uM
Nec-1 alone or in combination for 60 min followed by increasing concentrations of TRAIL (0 — 1000
ng/ml). A) Example FACS analysis PS+ labelling and PI+ fluorescence in glucose™ cells after
treatment with TRAIL (1000 ng/ml) following different combinations of death inhibitors shows that
glucose™® cells are extremely sensitive TRAIL. TRAIL-induced cell death was partially inhibited by
zVAD.fmk, and completely inhibited by both zZVAD.fmk and Nec-1. B) Galactose™ cells treated with
TRAIL (1000 ng/ml) underwent cell death which was partially inhibited by zZVAD.fmk, and completely
inhibited by both zZVAD.fmk and Nec-1. C) Total cell death was calculated and plotted as a
concentration effect curve and shows that galactose ™ cells are less sensitive to TRAIL compared to
glucose™. D) Apoptotic cell death was plotted to show that most of the TRAIL-induced cell death in
galactose™* and glucose™* cells was apoptotic cell death at all concentrations, and that zVAD.fmk
switched to mode of cell death to necroptosis in both glucose™® and galactose™ cell. E) Necrotic
cell death was plotted to show that TRAIL-induced cell death in glucose™* and galactose™* cells
induced a typical apoptotic phenotype. Data are a representative example from 2 independent
experiments.
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zVAD.fmk followed by TRAIL resulted in an intermediate PS+ population of cells,
which was completely inhibited by combinatorial pre-treatment of zZVAD.fmk and
Nec-1. These results showed that both glucose™® and galactose™ cells could
switch to TRAIL-induced necroptosis; however, to a far lesser extent in
galactose™® cells. This is in agreement with the results presented in Chapter 3,
which showed that glycolysis is critically required for TRAIL-induced necroptosis. It
would be interesting to determine if chronic glucose deprivation in Z138 cells can

completely ablate TRAIL-induced necroptosis.

5.2.8 Galactose™® cells are less sensitive to the Bcl-2/Bcl-x, inhibitor
ABT-737.

Inhibition of glycolysis by glucose deprivation has been shown to confer resistance
to ABT-737, while 2DG treatment can sensitise Z138 cells to ABT-737-induced cell
death (Chapter 4 and Robinson et al., 2012). ABT-737 is designed to stop Bcl-2
and Bcl-x, from inhibiting Bak and Bax mediated apoptosis, and therefore acts
directly at the mitochondria to induced intrinsic-apoptosis. As glucose deprivation
and galactose cultured cells both resulted in resistance to TRAIL-induced cell
killing, and glucose deprivation induced resistance to ABT-737, | next investigated
if galactose™® cells were more sensitive to ABT-737. Therefore glucose™* and
galactose™® cells (as described in 5.2.2) were pre-treated with or without different
combinations of zZVAD.fmk (50 uM) and Nec-1 (50 uM) for 60 min, followed by a
range of ABT-737 concentrations (0 — 1000 nM) for 16 h, and cell death assessed
using Annexin-V/P1 FACS analysis.

In glucose™® cells ABT-737-induced cell death was concentration-dependent and
was maximal (100%) following 500 nM ABT-737 (Figure5-8C), with dead cells
primarily detected in the apoptotic quadrant (Figure5-8A and D). ABT-737-induced
cell killing was completely inhibited by zVAD.fmk alone which showed that the
mode of cell death was completely caspase-dependent apoptosis. The RIPK1
inhibitor had no effect on ABT-737-induced cell killing which again indicated that

cell death was caspase-dependent and RIPK1-independent.

Galactose™* cells treated with ABT-737 primarily underwent apoptotic cell death

(Figure 7-8E), with a small amount progressing to secondary apoptosis/necrosis at
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Figure 5-8 ABT-737 induces apoptosis. Z138 cells cultured in standard glucose or galactose
media were pre-treated with 50 uM zVAD.fmk and 50 uM Nec-1 alone or in combination for 60 min
followed by ABT-737 ( 0 — 1000 nM). A) FACS analysis PS+ labelling and PI+ fluorescence in
glucose™ cells after ABT-737 (1000 nM) following different combinations of death inhibitors shows
that glucose™* cells were extremely sensitive ABT-737 which was completely inhibited by zZVAD.fmk
alone B) Galactose™"* cells treated with ABT-737 (1000 nM) underwent apoptotic cell death, which
was not inhibited by zZVAD.fmk alone or in combination with Nec-1, inhibition of caspase activity
resulted in ABT-737-induced necrosis. C) Total cell death shows that galactose™* cells are less
sensitive to ABT-737 compared to glucose ™" D) Apoptotic cell death shows that all of the ABT-737-
induced cell death in glucose™* cells was located in the apoptotic quadrant at all concentrations,
whereas in galactose™* cells, 60% of the dead cells were located in the apoptotic quadrant, in the
absence of zZVAD.fmk E) Necrotic cell death was plotted to show that ABT-737-induced cell death in
glucose™® and galactose™ cells was not necrotic and typical apoptosis, however in galactose ™
cells, zVAD.fmk followed by ABT-737 resulted in a typical necrotic phenotype. Data are a
representative example from 2 independent experiments.
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the highest ABT-737 concentrations (250 — 1000 nM), which indicated that the
mode of cell death was caspase-dependent apoptosis (Figure 7-8B, D and E).

Interestingly, total cell death (Figure 7-8C) was consistently lower in galactose™®
cells compared to glucose ™ cells, which showed that galactose™* cells were less
sensitive to ABT-737-induced cell death. However, pre-treatment with zVAD.fmk

¢ cells from

alone or in combination with Nec-1 did not prevent galactose™
undergoing cell death. Strikingly, the mode of cell death switched from apoptosis to
completely necrotic, as shown in Figure 5-8B and E. Galactose™"® cells probably
switched to necrosis in the presence of zZVAD.fmk and ABT-737 because initiation
of the intrinsic apoptotic pathway by mitochondrial outer membrane
permeabilisation precedes caspase-9 activation at the apoptosome, and thus the
mitochondria are likely to be too damaged to maintain oxidative phosphorylation. In
agreement with this hypothesis, ABT-737 at high concentrations (250 - 500 nM)
completely ablates the mitochondrial respiratory chain within 10 min in glucose™®
cells, low concentrations also completely inhibit the respiratory chain, an effect that

is not rescued by inhibition of caspases in glucose™* cells (Appendix Figure 7-7).

5.2.9 Etoposide induces necrosis at low concentrations in galactose™*
cells

Etoposide has previously been shown to induce apoptosis by inhibiting nuclear
topoisomerases at low doses, while directly targeting the mitochondria at higher
doses (Robertson et al., 2000), and therefore may be considered an indirect
mitochondrial toxin at higher doses. As classical mitochondrial inhibitors of the
oxidative phosphorylation system and ABT-737 induced necrosis, | investigated if
high concentrations of etoposide also induced necrosis. Glucose™® and
galactose™® cells were pre-treated with or without zZVAD.fmk (50 uM) and Nec-1
(50 uM) for 60 min, followed by etoposide (0 — 1000 nM) for 16 h, and cell death
assessed using Annexin-V/Pl FACS analysis.

Etoposide induced apoptotic cell death at all concentrations in glucose™* cells
(Figure 5-9A, D and E), which were extremely sensitive to etoposide-induced
killing; the lowest concentration (31.25 nM) induced 95% total cell death (Figure 5-
9C). Total cell death was almost completely inhibited by zVAD.fmk (~20% cell
death remaining), which showed that the mode of cell death was primarily

136 |Page



Chapter 5 Galactose grown cells as an in vitro model for
investigating drug-induced mitochondrial toxicity

Etoposide (1 pM)

) Etoposide (1 pM) Etoposide (1 pM)
A) Control Etoposide (1 pM) 2VAD.fmk (50 uM) Nec-1 (50 uM) er?eEt):._f?w(ks((Jﬁgr\hj;Vl)
A [420 a0z .
3 Glucose
0.26
B)
A [2n2 1.90
w
o Galactose
0.14 '10.2‘2 0.20
Pl
C)
+ 100 1
‘ 9] f
-+ etoposide o 80 A ng/‘:::n
= 7zVVAD.fmk + etoposide £
Glucose | Nec-1 + etoposide S 60 4
- ZzVAD.fmk + Nec-1 + etoposide =
—— etoposide g 401
-~ zVAD.fmk + etoposide T 50 - —_— °
Galactose & Nec-1 + etoposide IS
- zVAD.fmk + Nec-1 + etoposide EE
- F T T T T 1
0o o H & & &
,b'\r-l’ & N% ’]f’ R
Etoposide (nM)
D) E)
- 1007 ,:100 h
& &0 1 r— ’ — & 801
& o
Q. 60 1 o 60 4
é 40 1 g 40 1
8. 20 4 g 20 o
s — — = /
s 0 e © 0 4
— | T T T T ] -l T T T T ]
Do 0 H & & & 0 5 B &
rb'\r)’ @qf ’0’ (]f) @Q ,\QQ (br\r.l’ é’[/ '\q’ (lfj ‘Z)Q \QQ
Etoposide (nM) Etoposide (nM)

Figure 5-9 Etoposide induces necrosis at low concentrations in galactose™®cells. 2138 cells
cultured in standard glucose or galactose media were pre-treated with 50 uM zVAD.fmk and 50 uM
Nec-1 alone or in combination for 60 min followed by etoposide (0 — 1000 nM). A) FACS analysis of
PS+ labelling and PI+ fluorescence in glucose ™" cells after etoposide (1000 nM) following different
combinations of death inhibitors showed that glucose™"® cells were extremely sensitive etoposide,
which was almost completely inhibited by zZVAD.fmk. B) Galactose™ cells treated with etoposide
(1000 nM) also underwent apoptosis, which was almost completely inhibited by zZVAD.fmk. C) Total
cell death was plotted as a concentration effect curve and shows that galactose™ cells are less
sensitive to etoposide compared to glucose™*. D) Apoptotic cell death was plotted to show that most
of the etoposide-induced cell death in galactose™® and glucose™® cells was apoptotic at all
concentrations in the absence of zZVAD.fmk E) Necrotic cells were plotted to show that etoposide-
induced cell death in galactose™* cells induced a typical necrotic phenotype at low concentrations
(31.25 — 125 nM). Data are a representative example from 2 independent experiments.

137 |Page



Chapter 5 Galactose grown cells as an in vitro model for
investigating drug-induced mitochondrial toxicity

caspase-dependent apoptosis. Nec-1 had no effect on etoposide-induced cell
killing which indicated that cell death was primarily caspase-dependent and RIPK1-

independent.

Galactose™® cells were also very sensitive to etoposide at all concentrations,
however total cell death was lower compared to glucose™® cells, which showed
that galactose™* cells were less sensitive to etoposide-induced cell killing (Figure
5-9C). Cell death in the absence of death inhibitors was primarily apoptotic at all
concentrations (Figure 5-9D). Interestingly, in the presence of zZVAD.fmk, cell death
was not blocked at the lower etoposide concentrations (31.25 — 125 nM); however,
increased etoposide concentrations resulted in cell death that was inhibited by
zVAD.fmk (Figure 5-9C). Following low etoposide concentrations (31.25 nM) in
galactose™® cells, dead cells were detected equally in the apoptotic and necrotic
quadrants (Figure 5-9D and E). These results were the opposite of what was
expected, and showed that in Z138 cells, low concentrations of etoposide induced
necrosis in a caspase-independent and RIPK1-independent manner. Moreover,
higher concentrations appear to target the cell for death through a caspase-
dependent route, which was likely to be independent of the mitochondrial intrinsic
pathway, as activation of MOMP, as seen with ABT-737 induces necrosis in the

presence of zZVAD.fmk

5.2.10 Characterisation of the mitochondrial proteome by label-free
guantitative mass spectrometry

Switching Z138 cells to rely on mitochondrial oxidative phosphorylation can have
profound effects on sensitivity to apoptotic stimuli and mitochondrial poisons. | next
used a proteomic and bioinformatics approach to characterise the mitochondrial
proteome using quantitative label-free mass spectrometry coupled to
bioinformatics, with the aim of determining if changes to the mitochondrial
proteome could be quantitatively detected, additionally, if these changes to cellular
metabolism and altered sensitivity to apoptotic stimuli could be explained using this

technique.

In collaboration with Dr Claudia Langlais, of the MRC Toxicology Unit Protein
Profiling group, subcellular fraction followed by immunopurification of the

mitochondria from 1 x 10° cells from glucose*"®, galactose™®, glucose™® and 20h
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2DG treated Z138 cells was carried out (as detailed in chapter 2.3). This was
carried out 4 times to generate 4 biological repeats (n=4), which were all ran as a
technical duplicates on the mass spectrometers. Yeast ADH1 and BSA were
spiked-in to each sample at known fmol concentrations to allow for accurate
guantitation. The mass spectrometry data were then processed using TransOmics
for bioinformatics to generate quantitative relative normalised abundance values.
The values generated were expressed as a fold change of glucose ™ controls, with
an ANOVA p value. The data in this chapter only assesses the changes identified
in galactose™® cells compared to glucose™® controls. The fold change data
generated from TransOmics was then imported into Ingenuity™ (Qiagen) where

pathway analysis and differences were analysed.

The mass spectrometry data generated 2280 quantifiable proteins, of these, 707

(31%) were known mitochondrial proteins and of the 2280 identified proteins, 555

e

proteins in galactose™® cells were significantly different from the glucose™"®

controls. This striking difference is depicted as a principal component analysis
(Figure 5-10). The grey cloud represents all identified proteins, with glucose™*cells
(deep blue spots) spatially separated from galactose™® cells (light blue spots)
beneath. The variation in the 2" principal component (y axis), which spatially

seperates the two conditions indicates there is statistically significant differences.
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Figure 5-10 Principal component analysis from the mitochondrial proteome data. The differences
observed between glucose™® and galactose™* cells is easily distinguished, with glucose™* cells (deep blue)
clustered above and galactose™ cells (light blue) clustered below, separated by the black line.

Firstly, because galactose™® cells had an up-regulated basal oxidative
phosphorylation (Figure 5-1) and were less sensitive to rotenone and antimycin-
induced inhibition of the respiratory chain (Figure 5-5); the mass spectrometry data

were used to analyse the amount of identifications and expression of the
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mitochondrial oxidative phosphorylation system, the TCA cycle and the pyruvate
dehydrogenase complex (129 proteins). A total of 93 proteins were identified
(76%), which are depicted in Figure 5-11; the inner pie represents the total amount
of proteins per complex, while the outer pie shows the amount of proteins that were
identified in this study per complex (underlined number), or could not be detected
by mass spectrometry (not underlined). As a large majority of the proteins that
comprise the oxidative phosphorylation system were identified, Ingenuity was used
to generate a schematic of the respiratory chain, which identified where these
proteins were located in the ETC and ATP synthase complex; also to determine if
expression was up- or down-regulated. Figure 5-12 shows all the proteins identified
bordered in pink, and from those identified in the NAD dehydrogenase complex,
only 4 were down-regulated, while the rest were up-regulated (red represents up-
regulation, and green represents down-regulations). Importantly, the subunit that
rotenone binds to (NDUFS2) was up-regulated (circled in red), which potentially
explains the reduced sensitivity to rotenone-induced inhibition of the respiratory

chain.

Complex V- ATP
Synthase ‘

Complex IV - TCA cycle

Cytc
oxidase

Complex Il -
Q-cytc
oxidoreductase

Complex Il - Succinate
Dehydrogenase

Figure 5-11 Mass spectrometry analysis of immunopurified mitochondria can
identify 76% of the proteins involved in oxidative phosphorylation. Z138 cells
were cultured in standard glucose and galactose media, subcellular fractionated and
mitochondria immunopurified as detailed in the methods. The inner pie represents the
total number of proteins that compose the corresponding respiratory chain complex or
TCA cycle. The underlined numbers in the outer pie represents the amount of those
proteins identified by mass spectrometry. The numbers in the outer pie that are not
underlined represents the amount of proteins that were not identified by mass
spectrometry.
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Succinate dehydrogenase is comprised of 4 subunits, 2 were identified and found
to be down-regulated, which indicated that complex | may be the dominant apical
respiratory complex, perhaps utilising NADH from exogenous glutamax and
pyruvate, or pyruvate generated from the metabolism of galactose. Q-cytochrome ¢
oxidoreductase only had one down-regulated protein, the rest were up-regulated,
which may explain the reduced sensitivity to antimycin-induced inhibition of the
respiratory chain in galactose™® cells. Additionally, all cyt ¢ oxidase proteins were

up-regulated in galactose™®

cells, except one. These results showed that
metabolic reprogramming to rely on oxidative phosphorylation may have been a

result of up-regulated protein expression of the respiratory chain.

As galactose™® cells were less sensitive to TRAIL and ABT-737-induced cell
killing, the protein expression of a panel of pro- and anti-apoptotic Bcl-2 family
proteins was evaluated using the mass-spectrometry data, and then additionally
analysed by immunoblotting. Mass spectrometry analysis identified Bax and Bak to
be down-regulated in galactose™* cells (Figure 5-13A), which was confirmed by
immunoblotting (Figure 5-13B). In addition, immunoblotting also showed that pro-
apoptotic Puma, Noxa, Bid, Bad and cyt ¢ were also reduced in galactose™* cells.
Mass spectrometry identified the anti-apoptotic protein Bcl-2 as being up-regulated
(Figure 5-13A), which was confirmed by immunoblotting (Figure 5-13C). In
addition, immunoblotting of Bcl-x_ and Mcl-1 demonstrated reduced expression in
galactose™® cells. The significant reduction in expression of Bax and Bak, and only
moderate reduction in Mcl-1 altered the Mcl-1/Bak/Bax ratio, which potentially
explains the reduced sensitivity to ABT-737-induced cell killing in galactose™®
cells. There appeared to be no significant reduction in expression of pro-caspase-
8, -9 or -3 (Figure 5-13D); it may be possible that the reduced sensitivity to TRAIL-
induced apoptosis was due to the down-regulation of Bid, and thus limited the

caspase-8 — Bid-mediated mitochondrial amplification loop.

5.2.11 Ingenuity analysis predicts Akt survival signalling is switched on
in galactose™® cells

The mitochondrial proteome was used to map signal transduction pathways and
responses, based on the fold change data of the 2280 identified proteins that
precipitated with the mitochondria and were imported into the software. It was
predicted that Akt survival signalling was activated in galactose™* cells (Appendix
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A)
Accession Protein p value fold change glucose mean | galactose mean
Q16611 Bak 0.0193 -1.78 4451 2498
Q07812 Bax 0.04 -1.73 24864 14347
P10415 Bcl-2 0.0005 1.88 26062 48956
C) D)
Anti-Apo Caspases
+ G + G
Bax E| Bcl-2 El Caspase-8
Bak Bel-xL EI Caspase-9
Puma - Mcl-1 El Caspase-3
Noxa Bcl2-af [——] PaRP
Bid
Bad
Cytc

Figure 5-13 Quantitative label-free mass spectrometry can accurately predict changes in
the protein expression from the mitochondrial proteome. 2138 cells were cultured in standard
glucose and galactose media, subcellular fractionated and mitochondria immunopurified as
detailed in Chapter 2.3. The data was then normalised using TransOmics, A) Three Bcl-2 family
proteins were identified by mass spectrometry, Bax, Bak and Bcl-2, the p value, fold change
compared to glucose™® and means are shown. Bak and Bax were down-regulated and Bcl-2 was
up-regulated. To validate the data and additionally profile other key Bcl-2 family proteins in
galactose™ cells, whole cells were solubilised and immunoblotted for B) Bax and Bak, to validate
the mass spectrometry data, which it did, additionally, the pro-apoptotic proteins Puma, Noxa, Bid,
Bad and Cyt ¢ were all down-regulated in galactose™ cells. C) Anti-apoptotic Bcl-2 was found to
be up-regulated, in agreement with panel A, Expression of Bcl-x,_ and Mcl-1 were slightly reduced,
and there was no change in the expression of Bcl2-al. D) There was no significant detectable
change in the expression of pro-caspase-8, -9 or -3 or PARP. Immunoblots are representative
examples from 2 independent experiments.

Figure 7-8). Akt did not precipitate with the mitochondria; the activation prediction
was based on a variety of the identified proteins that have been reported to be
either up- or down-stream of Akt regulation. Interestingly however, Ingenuity
identified 88 proteins involved in elF2 signalling, 52 of which were up-regulated,
which indicated an activation of elF2 and potential inhibition of protein synthesis
(see Appendix Table7-1 for an example of the amount of proteins Ingenuity uses

to make activation/inhibition predictions). Moreover, 53 proteins involved in mTOR
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signalling were identified, 34 of which were down-regulated, which also indicated a
potential inhibition of protein synthesis (see Appendix Figure 7-9). Activation of Akt
should lead to activation of protein synthesis (see Chapter 1.8.2), therefore
immunoblotting was performed on Akt and p-Akt S473, along with downstream
markers of protein translation. The immunoblot results showed that in galactose™®
cells, Akt was phosphorylated at S473 (Figure 5-14A), in agreement with the
Ingenuity prediction that Akt was activated. Interestingly, markers of mTOR
signalling, p-p70S6k T389 and p-S6 S240/244 showed reduced phosphorylation,
which indicated a reduction in protein translation, in agreement with the Ingenuity
data, which predicted an inhibition of mTOR signalling based on the expression
profile of 53 proteins. 4EBP1 had increased expression of the hypo-phosphorylated
a-band, which indicated a reduction in protein translation. Moreover, p-elF2-a S51
was phosphorylated to greater extent in galactose™"® cells compared to glucose™®
cells (Figure 5-14B). These results showed that even in the presence of increased
Akt signalling, protein translation appeared to be repressed in galactose™* cells,
these results were accurately predicted using the results generated from the

mitochondrial proteome data.

A) B)
+ G + G
— | Akt === | p-70S6K (T389)
e | p-Akt (S473) sf== |+ p-S6 (S240/244)
— GSK-3B s 4EBP1
e e elF2-a

wewe | p-GSK-3B(S9)

—— p-elF2-a (S51)

Figure 5-14 Ingenuity can accurately predict signal transduction events from mitochondrial
proteome data. To validate the Ingenuity™ predictions, Z138 cells were cultured in standard
glucose or galactose media. Whole cell pellets were solubilised and subjected to SDS-PAGE, then
immunoblotted for A) Total Akt, p-Akt S473, and downstream targets GSK-3[3 and p-GSK-3f3 S9. As
predicted by Ingenuity™ Akt was found to be phosphorylated/activated. B) Immunoblot analysis of
p-p70S6k T389, p-S6 S240/244, 4EBP1, elF2-a and p-elF2-a S51 additionally validated the
Ingenuity™ results that galactose™® cells had down-regulated protein synthesis compared to
glucose™ controls, despite activated Akt — a positive regulator of protein translation. Immunoblots
are representative examples from 2 independent experiments.
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5.2.12 Galactose™® cells have elevated basal superoxide levels and are
less able to convert glucose to lactic acid.

The mitochondrial respiratory chain is the major source of cellular superoxide
(Drose & Brandt, 2012), and because galactose™* cells had up-regulated basal
oxidative phosphorylation and respiratory chain components, mitochondrial
superoxide was measure using MitoSOX™ to determine if galactose™* cells had
an elevated level of ROS. Z138 cells were cultured in standard glucose and
galactose media and loaded with MitoSOX™ (1 pyM) for 30 min, then the
fluorescence was measured by FACS analysis. Figure 5-15 shows that basal
levels of superoxide are elevated in galactose™ cells by ~30% compared to

glucose™® cells.
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Figure 5-15 7138 cells cultured in galactose have elevated mitochondrial
superoxide. 2138 cells were cultured in standard glucose and galactose media
and were loaded with MitoSOX™ (1 uM) for 30 min, then MitoSOX™ fluorescence
was measured on a FACS Calibur. Galactose™® cells displayed 30% more
mitochondrial superoxide than glucose™ cells under basal conditions. Data are a
representative example generated from 2 independent experiments.
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In addition, the mass spectrometry data detected that galactose®™® cells had
reduced levels of mitochondrial associated lactate dehydrogenase A and B (LDHA
and LDHB) (Figure 5-16A and B), which may have been why the metabolised
galactose was not converted into lactic acid (Figure 5-1D and F). | next
investigated this by moving the glucose™® and galactose™* cells into glucose free
unbuffered DMEM (as detailed in Chapter 2.2.12), and then measured the ECAR
on a Seahorse XF24, with sequential injections of D-glucose (50 mM), oligomycin
(500 nM) and 2DG (50mM). Moving glucose™® and galactose™* cells to glucose
free media ablated the basal ECAR values to similar levels, i.e no glycolysis
(Figure 5-16D). Addition of glucose generates a rate that represents glycolysis (see
Figure 5-16C for an explanation), which increased the ECAR in glucose™* cells to
67 + 16 mpH/min/10° cells, double the glycolysis galactose**® cells were capable of
(35 + 6 mpH/min/10° cells) (Figure 5-16D and E). These results showed that
galactose™* cells were less able to convert glucose into lactic acid, and that the
metabolised glucose was likely being converted into pyruvate and shunted into the
TCA cycle for mitochondrial metabolism. Addition of oligomycin increases
glycolysis to its maximal capacity, and the difference between oligomycin
stimulated ECAR and the glucose stimulated ECAR is the spare glycolytic capacity
(SGC) (see Figure 5-16C for an explanation). Oligomycin did not markedly affect
the ECAR in galactose™* cells; however it resulted in a drop in ECAR in glucose™®
cells which indicated that cells were utilising glycolysis maximally and had no SGC.
The addition of 2DG inhibits all glycolytically derived ECAR; the remaining ECAR is
non-glycolytic. Adding 2DG reduced the ECAR in glucose ™ and galactose™* cells
to similar levels (10.5 + 4.5 versus 9 + 2 mpH/min/10° cells respectively), which
showed that glucose™® and galactose™* cells both generated a small amount of

ECAR that was independent of glycolysis.

A summary of some of the changes identified by the mass spectrometry analysis
and mapped with Ingenuity are depicted in Figure 5-17. The schematic was drawn
by collating a variety of events that were statistically significant in the Ingenuity
mapping software. These changes were used to try and explain the differences
observed in relation to sensitivity to apoptotic stimuli, or metabolic reprogramming.
Up-regulated proteins are coloured green, and down-regulated proteins are

coloured red. The schematic shows the up-regulated oxidative phosphorylation
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Figure 5-16 Galactose’"® cells cannot divert as much glucose into lactic acid compared to
glucose™® cells. Relative normalised abundance values generated from TransOmics for A)
LDHA and B) LDHB. C) Schematic of a typical glycolysis test from a Seahorse XF24, which
details how to interpret the results. Z138 cells were cultured in standard glucose and galactose
media and seeded at 4.5 x 10° cells/well. Prior to loading into the Seahorse XF24, the media was
changed to glucose-free unbuffered DMEM (see Chapter 2.2.12) for both glucose™ and
galactose™ cells, and the indicated inhibitors added sequentially as shown in panel (C) and
ECAR measured. D) Addition of glucose (50 mM) to glucose™ cells induced a large increase in
ECAR which was significantly greater than that achieved by galactose™ cells. Oligomycin (500
nM) reduced the ECAR in glucose™ cells but had no effect on galactose™ cells. 2DG (50 mM)
ablated ECAR in glucose™® and galactose™ cells to the same extent. E) The mean value
generated after the addition of glucose represents glycolytic ECAR. Subtraction of oligomycin
from basal the values represents the spare glycolytic capacity (SGC). Any remaining ECAR after
the addition of 2DG is non-glycolytic ECAR. Seahorse data are representative of 3 independent
experiments.
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system, the prediction of increased levels of ROS, reduced expression of Bak and
Bax, and increased expression of Bcl-2. These changes were mapped to show an
inhibition of apoptosis, or resistance to drugs. In addition, there was a predicted
increase in the unfolded protein response, which was predicted to additionally

inhibit apoptosis signalling.
5.3 Discussion

5.3.1 The mode of cell death, not the degree, appears to be critical for
identifying drug-induced mitochondrial toxicity

In this study | have shown that culturing cells in galactose supplemented media
resulted in metabolic reprogramming or switching, forcing the cells to rely on
mitochondrial oxidative phosphorylation, as previously shown (Robinson et al.,
1992; Gohil et al., 2010). Switching cells to a galactose based media increased the
level of basal oxidative phosphorylation by 69%, from 313 + 16 to 530 + 38
pmol/min/10° cells, thus 370 + 42 pmol/min/10° cells of basal OCR was committed
to mitochondrial ATP synthesis. Additionally, switching the cells to oxidative
phosphorylation in galactose medium resulted in an uncoupler-induced maximal
respiratory capacity of 457 + 39 pmol/min/10° cells which resulted in a negative
RRC of -74 + 37 pmol/min/10° cells, these results showed that galactose*"® 7138
cells were respiring maximally under basal conditions similar to state-3 respiration
(Figure 5-1) (Chance & Williams, 1955). These results were similar to the results
obtained by chronically depriving Z138 cells of glucose (Robinson et al., 2012), and
showed the cells were completely dependent on oxidative phosphorylation for ATP
generation and thus survival, despite the preservation of the PPP in galactose™®

cells.

In addition, galactose™°cells were less sensitive to rotenone and antimycin-
induced inhibition of oxidative phosphorylation, which suggested that the up-
regulated basal oxidative phosphorylation may have been attributed to increased
expression of respiratory chain proteins. Despite being dependent on mitochondrial
oxidative phosphorylation, galactose™® cells still generated an ECAR of 14 + 3
mpH/min/10° cells, 70% lower than glucose™® cells; of this 11 + 3 mpH/min/10°

cells was derived from respiratory chain driven acidification generated from ATP
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synthase derived proton extrusion and respiratory chain proton generation, the
remaining 3 + 0.8 mpH/min/10° cells may have been from lactic acid derived from
the glycolytic metabolism of galactose and non-glycolytic acidification. These
results, taken together with the OCR data showed that galactose™® cells were

completely dependent on their mitochondria for ATP generation and survival.

It has recently been reported that hippocampal HT22 cells are extremely sensitive
to ATP synthase inhibition by oligomycin in the presence of galactose instead of
glucose (Pfeiffer et al., 2014). Thus, after successfully confirming that galactose™®
cells had undergone metabolic reprogramming to be dependent on oxidative
phosphorylation, Z138 cells were treated with increasing concentrations of
classical mitochondrial poisons, namely oligomycin, rotenone and antimycin (0 —
1000 nM); glucose™ cells were completely resistant to the poisons and did not
undergo any cell death. In contrast, galactose*"® cells underwent cell death in the
presence of all the oxidative phosphorylation inhibitors. The mode of cell death
following oligomycin treatment was not inhibited by the inhibition of caspases or
RIPK1, which suggested oligomycin-induced cell killing, was necrotic. Strikingly
though, analysis of the FACS data (Figure 5-2) showed that the cells were dying
with a PS+/PI- phenotype, which is a hallmark of canonical caspase-dependent
apoptosis, or possibly an unidentified novel RIPK1-dependent mechanism as
described in Chapter 3. This was in contrast to rotenone and antimycin-induced
cell death, which drove the cells into necrosis in the absence of phosphatidyl serine
externalisation. High concentrations of zZVAD.fmk (50 uM) and Nec-1 (50 uM) alone
or in combination did not block cell death following any classical poison in
galactose™* cells. These results suggest that oligomycin may induce a potentially
novel caspase-independent, RIPK1-independent form of programmed cell death
which was not recapitulated with rotenone and antimycin. Moreover, even in the
presence of rotenone or antimycin, glucose cells survived extremely high levels of
mitochondrial superoxide production (data not shown), which has been shown to
induce apoptosis in HT1080 cells (Li et al., 2003b).

It is puzzling that direct inhibition of the electron transport chain results in a
different mode of cell death to direct inhibition of the ATP synthase. The only
difference between the two classes of inhibitors is that following ATP synthase
inhibition, the electron transport chain can still function, albeit slowly, to produce
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the mitochondrial proton leak, which is not coupled to the ATP synthase, whereas
ETC inhibition does not. These results suggested that maintenance of the
mitochondrial proton leak may have been involved in executing the ‘programmed’
cell death observed following oligomycin treatment. Galactose™® cells were next
used to test if the biguanides metformin and phenformin, compounds that inhibit
complex | through unknown mechanisms (Wheaton et al., 2014), induce necrosis
in cells dependent on mitochondrial oxidative phosphorylation. Although recent
evidence does support the notion that metformin acts directly at the mitochondria
(Andrzejewski et al., 2014), metformin did not induce cell death at any
concentration (O — 1000 uM) after 16 h, it is possible that 1000 uM was insufficient
to completely ablate respiration in Z138 cells; because 5 mM metformin for 24 h
only reduced OCR ~60% in MCF7 cells (Andrzejewski et al., 2014). Bioenergetics
data generated from a Seahorse analyser would be essential to verify these
findings. In contrast, treatment with the more potent phenformin (1000 uM) resulted
in necrotic cell death in galactose™* cells. These results were similar to the findings
with rotenone, the classical complex | inhibitor which induced necrosis in
galactose™® cells (Figure 5-3). The differences observed between metformin and
phenformin may be because metformin is a poor inhibitor of the respiratory chain
compared to phenformin, or that phenformin is more cell-permeable, as it appears
to be less dependent on organic cation transport 1 (OCT1) to enter the cell
(Hawley et al., 2010). The necrotic phenotype observed following phenformin
treatment highlighted that galactose ™ Z138 cells can be used to investigate drug-
induced mitochondrial toxicity, by analysing the degree and also the mode of cell
death.

To explore the effect of galactose metabolism on canonical inducers of apoptosis,
glucose™® and galactose™* cells were treated with TRAIL and ABT-737. TRAIL is
an initiator of apoptosis through death receptor-mediated extrinsic pathway, and
can be blocked by caspase inhibition. ABT-737 induces apoptosis through the
intrinsic mitochondrial pathway resulting in mitochondrial outer membrane
permeabilisation before caspase activation. Interestingly, galactose™* cells were
less sensitive to ABT-737-induced cell death, which is similar to work previously
published from our laboratory using glucose deprived cells (Robinson et al., 2012).

However, pre-treatment with the pan-caspase inhibitor zVAD.fmk and the RIPK1
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inhibitor Nec-1 did not prevent cell death, and changed the mode from caspase-
dependent apoptosis to necrosis (Figure 5-8). These results agree with the
conclusion that the mode of cell death following drug treatment can be used to

investigate if the drug induces mitochondrial dysfunction.

TRAIL-induced cell death was completely blocked by zVAD.fmk and Nec-1 in
combination in both glucose™® and galactose™ cells. However, TRAIL-induced
cell death was not completely blocked by zVAD.fmk alone in either glucose™ or

galactose™®

cells, which suggests that 2138 cells switch to TRAIL-induced
necroptosis following caspase inhibition. Galactose™"® cells still underwent ~35%
cell death at 1000 ng/ml TRAIL (Figure 5-7), which was in contrast to glucose™"®
cells (~65%), these results validated the findings in Chapter 3, in which UPN1™®
cells were unable to switch to necroptosis. It therefore appears that an active
glycolytic pathway and glycolytically generated ATP are critical for TRAIL-induced

necroptosis; it is possible that galactose™®

cells still undergo necroptosis as
glycolysis is still active in this model, but not energetically competent. To verify
these results, the ability of Z138 cells to switch to necroptosis in glucose and
galactose free conditions would need to be assessed. Moreover, this study also
recapitulated the findings in Chapter 3, which show that RIPK1-dependent TRAIL-
induced necroptosis results in an intermediate PS+ population of cells, and

therefore partial externalisation of phosphatidyl serine.

Etoposide has been shown to directly act at the mitochondria at high doses
(Robertson et al.,, 2000), whilst engaging apoptosis by inhibiting nuclear
topoisomerases at low doses. As such galactose™® and glucose™® cells were
treated with a range of etoposide concentrations (0 — 1000 nM) (Figure 5-9), with
the expectation that high doses would result in necrosis similar to the results
obtained with the classical poisons, ABT-737 and phenformin. Glucose™® cells
were extremely sensitive to etoposide, which resulted at ~90 — 95% cell death at
the lowest concentration (31.25 nM), the cell death in glucose™* cells was inhibited
by zVAD.fmk which showed caspase-dependent apoptosis at all concentrations.
Interestingly, galactose™® cells were less sensitive to etoposide compared to
glucose™® cells at all concentrations. Strikingly however, it appeared that low
concentrations of etoposide (31.25 — 125 nM) induced necrosis and may be acting
at the mitochondria, whilst high concentrations (0.25 — 1 pM) were not, as low
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concentrations induced caspase-dependent apoptosis that was inhibited by
zVAD.fmk. Etoposide has been shown to result in mitochondrial biogenesis by
activating ATM which results in an increase in the mitochondrial membrane
potential, mass and mtDNA (Fu et al., 2008); speculatively, it may have been
possible that high doses of etoposide increased the membrane potential and
somehow prevented its direct action on the mitochondria, thus preventing the cells

from undergoing necrosis at the higher concentrations.

5.3.2 The mitochondrial proteome can accurately be evaluated by mass
spectrometry

Switching Z138 cells to rely on mitochondrial oxidative phosphorylation has
profound effects on sensitivity to apoptotic stimuli and classical mitochondrial
inhibitors. | therefore investigated if a proteomic and bioinformatics approach to
characterise the whole mitochondrial proteome using quantitative label-free mass
spectrometry, could accurately identify changes in the mitochondrial proteome. In
addition, the changes that were identified were analysed by pathway mapping
software with the aim of predicting the effect of metabolic reprogramming on
sensitivity to apoptotic stimuli. Drug-induced mitochondrial toxicity can present in
forms other than direct inhibition of oxidative phosphorylation, such as inhibition of
substrate oxidation, inhibition of mitochondrial biogenesis or the inhibition of
mtDNA and biomass (reviewed in Wallace, 2008), these forms of drug-induced
mitochondrial toxicity may not completely ablate the respiratory chain, and
therefore in vitro functional readouts for investigating the toxicity may not work, and
so this approach could possibly be used as an endpoint study for identifying drug-

induced mitochondrial toxicity in a more relevant model.

+ve

Glucose™® and galactose™® 7138 cells were fractionated and the mitochondria
immunopurified and analysed by label-free quantitative mass spectrometry, there
were 2280 quantifiable proteins identified, of those, 555 were significantly different
between glucose™® and galactose™®. From the oxidative phosphorylation system,
76% of the proteins were identified, and most of them were found to be up-
regulated in galactose™* cells. These results may explain the deceased sensitivity
to rotenone and antimycin-induced inhibition of oxidative phosphorylation.
Moreover, results shown in Figures 5-10, 5-11 and 5-12 highlighted the accuracy of
the mass spectrometers in identifying changes in protein concentration; and
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therefore may be a powerful tool to evaluate off-target drug effects that reduce
synthesis/expression of the respiratory chain (or indeed other mitochondrial
proteins), but not completely ablate expression, and therefore functional readouts

of the respiratory capacity or sensitivity to cell killing may not detect.

Mass spectrometry analysis coupled to bioinformatics pathway mapping in
Ingenuity, accurately predicted that galactose™® cells may be partially resistant to
ABT-737 (in the absence of caspase inhibition), by accurately quantifying the key
proteins involved in sensitivity to ABT-737, Bak, Bax and Bcl-2 (Figure 5-13), these
results were confirmed by immunoblotting. As the identification rate was so high
(2280 proteins), Ingenuity can additionally map changes in cellular signal
transduction events based on the expression of targets both up- and down-stream
of the protein in question, this study showed an example of that. Galactose™ cells
were predicted to activate Akt, but counterintuitively inhibit protein synthesis.
Evaluation of whole cell protein expression by immunoblotting validated these
results (Figure 5-14); Akt S473 was phosphorylated in galactose™*"® cells. However
the phosphorylation status of p70S6k T389, S6 S240/244 and 4EBP1 all agreed
with an inhibition of protein translation. Phosphorylation of elF2a was predicted to
occur from 88 different proteins, which was validated by immunoblotting (Figure 5-
14). These results demonstrate that analysis of the mitochondrial proteome
coupled to bioinformatics pathway mapping can accurately identify changes in
mitochondrial protein expression but additionally predict cellular signal transduction
events. This may be a powerful tool for investigating off-target drug-induced
mitochondrial toxicity, but also, for example, if cancer therapeutics produce off-
target survival signalling, in which case this system could potentially be used to

select a combinatorial therapy to counter that signal.

In addition to identifying protein changes and alterations in signal transduction
events, analysing changes in the mitochondrial proteome can be used to predict
changes in the superoxide levels, which were increased in galactose™* cells, even
though it has been shown previously that in certain cell lines galactose™* cells
have significantly less superoxide than glucose™® cells (Dott et al., 2014). In
agreement with this prediction, Figure 5-15 shows that galactose™"® cells generate

30% more superoxide under basal conditions compared to glucose™ cells. As
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there was so many significantly different changes (555) it is beyond the scope of
this thesis to analyse all of them. However, as | have tried to depict in Figure 5-17,
this methodology can be used to generate a ‘map’ of a variety of proteomic and
functional changes, which would aid in identifying the mechanisms of altered
sensitivity to apoptotic stimuli, or possibly to help predict drug-induced

mitochondrial toxicities in a more relevant model.

In conclusion, galactose™* cells decreased the sensitivity to canonical inducers of
apoptosis, but increased sensitivity to classical mitochondrial poisons. This
occurred as a result of the switch to mitochondrial oxidative phosphorylation, which
induced changes in the balance of key pro- and anti-apoptotic Bcl-2 proteins. An
unexpected finding was that TRAIL-induced necroptosis was patrtially ablated in
galactose™® cells, highlighting the necessity for an active glycolytic pathway to
switch to this mode of cell death, as described in Chapter 3.The analysis of the
mitochondrial proteome is still in early development, but the sensitivity of the mass
spectrometers coupled to bioinformatics proved to be extremely accurate, and
requires testing further. It provides a sensitive platform to investigate the effects of
metabolic reprogramming on drug-induced cell death and aid in the identification of
the location and possibly mechanism of action.
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Figure 5-18 Galactose™"® cells undergo necrosis when the mitochondria are compromised.
Schematic showing that glucose™ cells are resistant to inhibitors of the oxidative phosphorylation
system, and following ABT-737 treatment undergo classical caspase-dependent apoptosis.
Conversely, galactose™ cells undergo caspase-independent necrosis after the mitochondria are
damaged or oxidative phosphorylation is blocked.

155 | Page



Chapter 6 Final Discussion

6. Final Discussion

156 |Page



Chapter 6 Final Discussion

6.1 Overview

The aim of the research presented in this thesis was to investigate how metabolic
status, using three different methods of modulating glycolytic flux, can alter tumour
cell sensitivity to apoptotic stimuli. This was achieved by chronic glucose
deprivation, galactose supplemented media and treatment with the anti-glycolytic
2DG, in the mantle cell ymphoma derived cell lines, UPN1 and Z138. The results
have provided evidence for an important role of glycolysis in regulating
necroptosis, a recently published novel form of programmed necrosis, and
additionally that RIPK1 mediated cell death results in the partial externalisation of
phosphatidyl serine to the outer leaflet of the plasma membrane. Moreover,
targeting glycolysis with anti-glycolytic compounds in combination with traditional
inducers of apoptosis is potentially a means to increase tumour cell sensitivity to
cell death. The study in Chapter 4 examined the kinetics and mechanisms of the
anti-glycolytic 2DG on cellular metabolism, cell death and signal transduction
pathways in detail, and provided evidence for an LKB1 — CaMKK-B-independent
route of AMPK activation and sensitisation to both intrinsic (ABT-737) and extrinsic
(TRAIL) apoptotic stimuli. A summary of the findings is depicted in Figure 6-1.

6.2 Metabolism and (programmed) necrosis

Most tumour cells undergo metabolic reprogramming to increase dependence on
aerobic glycolytic metabolism (Warburg et al., 1927; Warburg, 1956). Recent
advances in the field of tumour cell metabolism have shown that this switch
promotes tumorigenesis and survival advantages, so neoplastic cells can survive
otherwise un-survivable environments (reviewed in Coller, 2014). An additional
advantage of this switch is that cellular metabolism is regulated by upstream signal
transduction cascades, and thus, up-regulation of these signals to increase aerobic
glycolysis also results in the generation of additional survival signalling, which
happens to confer resistance to intrinsic and extrinsic mediated apoptosis

(reviewed in Ganapathy-Kanniappan & Geschwind, 2013).

Although a lot is now known about the role of tumour cell metabolism on survival
signalling, little is still known about the role of cellular metabolism on the regulation

of cell death. Work from our laboratory has shown that inhibition

157 |Page



Final Discussion

Chapter 6

"yreap |99 dIsuLxa pue adisuiul bunenualod
sny} ‘T-[O 4o uonenbal umop jueaiyubis pue pides 8y} Ul SYNSal SIYL “UMOUNUN SUIBWSJ WSIUBYISW 8Y) JOABMOY ‘g-MMINeD pue TaM
Saseup] [ealuoUBd UMOUY 3y} 40 Apuapuadapul M dINY SareAnde odg ‘ybu ayi up "Ajganosadsal ‘uldAwnue Jo uiwiojuayd ‘auoualol Yim
uonigiyut |11 Jo | xajdwod Buimoyjos aindni sueiquisw ewseld ul S)NsalINg ‘s||90 ,,, 8so1oeeh uluswrean uAwobijo Huimol|o} siNd200
oS[e SIY} ‘swisiueydaw umouxun ybnouyl auuas |Apneydsoyd jo uonesijeusalxa [eined ayl ul synsal sisoidoloan ‘bBuljreubis sisoidososu
paonpul-7vy_L Iqiyul S|182 painynd asoioeeb pue uonealidap 8soan|b ‘Yaj ayl uQ * g-MMINeD pue TgX T 40 Ajjuspuadapul MdINY
saleAlloe 9z pue ‘s1soldoldau paonpul-IvyL SHgiyul eipaw paiusawsa|ddns asoloeeh pue uolealidap 8soan|o -9 ainbi4

(" ™)
Z/ia-IveL ‘.‘
ooooooocoooo“””“““““”“””““”“”““”“”oooooooobcc.oocooo.ocoooooocvoooooooooocooooocoaooows.m‘.ooooooOQHHHHHHHHHHHHHH_M_@“”“”ocooooocbooooo-
HHABBO aav4 ~m~m ow_m_ocooooooo
m@mmmmmm
v__E“—.D<>N |_ .: :w.mwmammo
) e
uone|sues)
uisjoid
T oaz |T
S w_w>_00>_mu —¢&— ssopeen QDL
VE% 1€.-19V mewumm uoneAudep 8s0on|o |\P_
\X\ A . \/
g-MMIed 9adz
S awoso0lI2au [l
sisAjo24|9 e

upAwobIO

E T J....Q..
QO

peeeeecs Z\Z HHEEG

SIS0199N ce e .@m HEo

ST T

2Ya b4 opipoj wnipudoid " suues |Apneudsoud

Ceeoeee -,ooooooooooooL

158 |Page



Chapter 6 Final Discussion

of glycolysis by glucose deprivation confers resistance to TRAIL and ABT-737-
induced cell death (Robinson et al., 2012), contradictory to other studies; we have
yet to determine if this switch in sensitivity is the result of ablated glycolysis or
increased mitochondrial oxidative phosphorylation. Similarly, the role of cancer cell
metabolism on necroptosis has not been investigated, and the results presented in
this thesis demonstrated that TRAIL-induced necroptosis is ablated following

glucose deprivation and is significantly reduced in the presence of galactose.

Necroptosis is a novel form of programmed cell death that has been identified in a
variety of pathological diseases such as atherosclerosis (Lin et al., 2013),
pancreatitis (Wu et al., 2013), inflammatory bowel disease (Welz et al., 2011) and
myocardial infarction (Smith et al., 2007). Activation of necroptosis results in the
formation of the necrosome, a multi-protein complex composed of RIPK3, RIPK1
and MLKL (reviewed in Linkermann & Green, 2014). Activation of necroptosis
occurs following activation of death receptors in the presence of caspase-8
inhibition (or removal), thus resulting in a classical necrotic phenotype (reviewed in
Dickens et al., 2012b; Linkermann & Green, 2014). Moreover, these results also
demonstrated that in mantle cell ymphoma derived cell lines, necroptosis induces
a RIPK1-dependent partial externalisation of phosphatidyl serine to the outer
plasma membrane, which is not typical of the oncosis to necrosis mode of cell
death. These results further confirm that necroptosis is a programmed form of cell
death, however the end result may not be typical necrosis (plasma membrane
rupture), but instead programmed removal, similar to apoptosis. Cellular
metabolism appears to be critical for the engagement of necroptosis, but, like the
altered sensitivity to intrinsic and extrinsic apoptotic stimuli, it is yet to be
determined if this requirement is glycolytic or mitochondrial. The mitochondrial
phosphatase phosphoglycerate mutase (PGAM5) has been implicated in
necroptosis (Wang et al., 2012), but this is yet to be recapitulated by other

laboratories.

Another key question that remains is, how does necroptosis result in the possible
activation of flipases externalising phosphatidyl serine? And why does this occur in
haematopoietic Z138 and UPNL1 cells? A limitation of these studies is that cell
death in vitro will ultimately lead to secondary apoptosis (plasma membrane

rupture) and cannot be differentiated from primary necrosis, as such; the
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significance of the partial externalisation of phosphatidyl serine following TRAIL-
induced necroptosis remains unknown. Phosphatidyl serine is an ‘eat me’ signal,
typically associated with apoptotic cell death to clear the cells in the absence of
inflammation and autoimmunity (reviewed in Hochreiter-Hufford & Ravichandran,
2013), and may indicate that necroptosis in vivo in certain conditions may not be
inflammatory. Although necroptosis has not been shown to result in phosphatidyl
serine exposure before, another programmed necrotic pathway, pyroptosis does

externalise ‘eat me’ signals (Wang et al., 2013)

There are a variety of regulated necrotic pathways that have recently started to
emerge, ferroptosis, pyroptosis, PARP-1 mediated regulated necrosis, NADPH-
oxidase-mediated regulated necrosis, lysosomal membrane permeabilisation
(reviewed in Linkermann & Green, 2014) and there may be more to come in this
emerging field of cell death. The fact that oligomycin induces PS externalisation in
the absence of caspase activity suggests a programmed form of cell death. RIPK1,
the target of Nec-1 is not always critically required for engagement of necroptosis,
and so, will inhibiting MLKL with necrosulfonimide prevent oligomycin-induced cell
killing? Moreover, why are cells maintained in glucose resistant to this form of
death?

The mechanisms of necrotic cell death following treatment with classical
mitochondrial poisons when maintained in galactose media remains to be
investigated. Programmed necrosis through the mitochondrial permeability
transition pore (MPTP) needs to be assessed in detail when switching cells to rely
on oxidative phosphorylation. The mPTP appears to be critically dependent on
cyclophillin D for execution (Bernardi, 2013), however on going work in our
laboratory has shown that primary patient CLL tumours do not express it, whereas
cell lines do (C Langlais, K Cain et al., unpublished data), and it remains to be
determined if this is a common alteration among other tumour types, and thus a

viable therapeutic target or not.

6.3 Targeting cancer cell metabolism as a therapeutic strategy

Inhibiting cancer cell metabolism, specifically glycolysis, alters the balance
between pro- and anti-apoptotic proteins by modulating the balance between

AMPK and Akt, master regulators of cellular homeostasis (discussed in
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MacFarlane et al., 2012). Inhibiting glycolysis by 2DG in Z138 cells results in a
rapid and transient activation of AMPK that appears to be a dominant signal over a
subsequent Akt activation event (Chapter 4). This rapidly alters the balance in the
Mcl-1/Bak ratio thus potentiating TRAIL and ABT-737-induced cell killing within 2 h.
The relevance of this is that leukaemias and many epithelial tumours are resistant
to TRAIL-induced apoptosis (MacFarlane et al., 2002). Targeting altered cancer
cell metabolism therefore may be a means to enhance the efficacy of this cytokine.
In agreement with 2DG being a powerful tool to sensitise tumours to cell death,
primary mesothelioma ex plants and cells, which are notoriously resistant to
chemotherapeutics (Hudson et al., 2014), can be significantly sensitised to ABT-
737-induced cell killing (X M Sun, M MacFarlane et al., unpublished work),
however the mechanism of action appears to be different between the two models.
2DG has been shown to activate AMPK through both the LKB1 (Corradetti et al.,
2004) and CaMKK-B (Xi et al., 2013) pathways. It was a striking finding that in
Z138 cells, 2DG appears to activate AMPK independently of these two canonical
kinases through a hitherto unknown signalling mechanism. If 2DG can activate
AMPK through multiple signals, it would be an extremely powerful combinatorial
drug to sensitise tumours to chemotherapeutics through regulating the balance

between pro- and anti-apoptotic proteins.

Targeting glycolysis with 2DG results in Akt activation and the activation of other
survival signals (Chapter 4 and Zhong et al., 2008; Zhong et al., 2009). The
significance of these signals has not been studied, and the effect they have on
mitochondrial metabolism following 2DG-induced survival signalling has been
largely ignored. Ongoing bioinformatics analysis | am performing on
immunopurified mitochondria treated with 2DG for 20 h will hopefully address some
of these issues. | showed in Chapter 5 that bioinformatics methodologies can be
used to predict the generation of survival signalling from the mitochondrial
proteome data. Furthermore, this approach can be used to identify common
alterations between the ‘same’ tumour types that could potentially be targeted
therapeutically. In line with this, immunopurified mitochondria from CLL patients
show large inter-patient differences in their mitochondrial proteome (C Langlais, K

Cain et al., unpublished work), which may confer resistance to therapeutics.
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The effect of inhibiting tumour cell glycolytic metabolism needs to be further
studied in terms of retrograde signalling. This is process whereby a signal
emanating from the mitochondria ultimately leads to a signal being delivered to the
nucleus (reviewed in da Cunha et al., 2015), thus changing the cells transcriptional
and translational output. Increasing mitochondrial oxidative phosphorylation by
targeting glycolysis is likely to lead to a retrograde response, and the significance
of these needs to be evaluated as it may be a contributing factor to the change in
balance between pro- and anti-apoptotic proteins, this is currently been evaluated
using mass spectrometry data from immunopurified mitochondria from glucose

deprived, glucose containing, galactose grown and 2DG treated Z138 cells.

Additionally, the role of autophagy has not been examined in this thesis, which is
co-ordinately regulated alongside apoptosis by Mcl-1. Loss of Mcl-1 appears to
activate a robust autophagic response in cortical neurons (Germain et al., 2011).
Conversely, Mcl-1-deficient cardiac myocytes are incapable of undergoing
autophagy (reviewed in Thomas & Gustafsson, 2013). Mcl-1 regulation of
autophagy therefore appears to be cell type dependent, and thus the rapid
depletion of Mcl-1 following 2DG in Z138 cells may either increase or decrease

autophagic flux

6.4 Future work

From the data presented in this thesis, important questions still remain and future
work needs to focus on these questions. The importance of glycolysis versus
oxidative phosphorylation in regulating programmed necroptosis needs to be
explored further to determine which (or both) is critical for successful necroptosis
signalling. Additionally, the significance of the partial externalisation of phosphatidyl
serine to the outer leaflet of the plasma membrane needs to be studied in more
detail, to determine if necroptosis can potentially result in an inflammation free

mode of cell death.

The results have shown that inhibition of glycolysis can switch the mode of cell
death from apoptosis to necrosis, and this needs to be investigated further in the
2DG model to determine if the sensitisation to TRAIL and ABT-737 is via apoptosis
or necrosis. Also, the mechanisms by which 2DG activates AMPK remain to be

determined, and the involvement of phosphatase regulation needs to be ruled out
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before determining the upstream kinase. More importantly, the relevance of these
findings in a clinical setting needs to be assessed. Additionally, the possible
involvement of the mPTP on rotenone and antimycin-induced cell death needs to
be evaluated using cyclosporine A in galactose™ cells, as the mass spectrometry

data showed that Cyclophilin D is present in Z138 cells.
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Figure 7-1 Noxa has a half-life of ~30 min. Z138 cells were cultured in standard
glucose media (as described in Figure 4.1). Cells were treated with A) 5 mM 2DG,
20 pM MG132, or pre-treated with 20 uM MG132 for 30 min (lane 9) followed by 5
mM 2DG for the indicated times. cell pellets were then solubilised and
immunoblotted for Noxa. B) Cells were treated with 5 mM 2DG or 100 pg/mi
cycloheximide for the indicated times and then pellets solubilised and immunoblotted
for Noxa.
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Figure 7-2 AMPK activators do not activate AMPK in Z138 cells. Z138 cells were cultured in standard
glucose media (as described in Figure 4.1). Cells were then treated with metformin (1 mM); AICAR (2
mM); AMP (0.2 and 5 mM); thapsigargin (5 pM); A23187 (5 uM) or phenformin (200 uM and 1 mM) for the
indicated times. cell pellets were harvested and solubilised, and then immunoblotted for AMPK-a and p-
AMPKa T172. Immunoblots representative of at least 2 independent experiments.
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Figure 7-3 AMPK activators do not sensitise 2138 cells to TRAIL or ABT-737. Z138 cells were
cultured in standard glucose media (as described in Figure 4.1). Cells were pre-treated with: metformin;
phenformin; AICAR; AMP; thapsigargin; A23187 or 2DG with the [max] concentration detailed in Figure
4.9 for either 4 or 20 h, with or without 25 nM ABT-737 or 200 ng/ml TRAIL for 4 h after initial pre-
treatment. Cell death was analysed by Annexin-V/PI FACS analysis. The data is presented as a % of total
cell death (PS+). Data are from 3 independent experiments. Error bars are + SEM. Star (*) represents p <
0.05 (Students t test)
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Figure 7-4 AMPK inhibition with compound C is toxic to 2138 cells. Z138 cells were cultured in
standard glucose media (as described in Figure 4.1). Cells were pre-treated with: 0.1% DMSO (0
pM); compound C (5, 10 and 30 uM) or PBS (0% DMSO con’) for 30 min, followed by: (from left to
right) PBS for 8 h, 5mM 2DG for 8 h, 200 ng/ml TRAIL for 4 h or 5 mM 2DG for 4 h then an additional
4 h with 200 ng/ml TRAIL. Cell death was analysed with Annexin-V/PI FACS analysis, the data is
presented as the % of total cell death (PS+). The data is from at least 3 independent experiments.
Error bars are + SEM.
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Figure 7-5 Insulin receptor tyrosine kinase inhibition does not prevent Akt activation
following 2DG treatment. Z138 cells express both hexokinase | and Il. Z138 cells were
cultured in standard glucose media (as described in Figure 4.1). A) Cells were treated with 5
mM 2DG for the indicated times or pre-treated with 500 uM HNMPA-(AM35) for 30 min followed
by 5 mM 2DG for the indicated times. The cell pellets were harvested and solubilised, then
immunoblotted for Akt and p-Akt S473. B) 2138 cells were pre-treated with 5 mM 2DG for 0, 2,
4, 8 and 20 h, the pellets were solubilised and then immunoblotted for hexokinase | and
hexokinase II.
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Figure 7-6 Z138 cells cultured in both glucose and galactose are resistant to metformin.
2138 cells were cultured in standard glucose or galactose media (as described in Figure 5-1) and
were then pre-treated with 50 pM zVAD.fmk and 50 UM Nec-1 alone or in combination for 60 min
followed by increasing concentrations of metformin ( 0 — 1 mM). A) Example FACS analysis of
Annexin-V (PS+) labelling and propridium iodide (Pl+) fluorescence in glucose™® cells after
treatment with metformin (1000 uM) shows that the cells are resistant B) Galactose ™" cells treated
with metformin (1000 uM) were also resistant to death. C) The total cell death (PS+) was calculated
and plotted as a concentration effect curve and shows metformin did not induce cell death at any
concentration. D) There was no apoptotic cell death (PS+/PI-) at any concentration. E) There was
no necrotic cell death (PS+/PI+) at any concentration. Data is a representative example from 2

independent experiments.
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Figure 7-7 ABT-737 inhibits the mitochondrial respiratory chain. Z138 cells were
cultured in 11.1 mM glucose as described in Chapter 2.2.1. OCR values were analysed after
sequential injections of the indicated compounds/inhibitors. Top panel shows that ABT-737
inhibits the mitochondrial respiratory chain at concentrations as low as 50 nM. The bottom
panel shows that mitochondrial respiratory chain inhibition by ABT-737 is not inhibited by
pre-treatment with zZVAD.fmk (50 uM). Experiments are a representative example from 2

independent experiments.
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Entrez
UniProt Fold Gene ID
Symbol Entrez Gene Name Accession | p-value Change Location Type(s) for Human
eukaryotic translation translation
EIF2A initiation factor 2A, 65kDa Q9BY44 4.01E-01 -2.892 Cytoplasm | regulator 83939
eukaryotic translation
initiation factor 2-alpha
EIF2AK3 kinase 3 QINZJI5 2.22E-02 1.327 Cytoplasm | kinase 9451
eukaryotic translation
initiation factor 2, subunit 1 translation
EIF2S1 alpha, 35kDa P05198 5.35E-01 1.049 Cytoplasm | regulator 1965
eukaryotic translation
EIF3A initiation factor 3, subunit A Q14152 6.23E-02 -1.165 Cytoplasm | other 8661
eukaryotic translation translation
EIF3B initiation factor 3, subunit B P55884 6.09E-02 -1.269 Cytoplasm | regulator 8662
eukaryotic translation translation
EIF3C initiation factor 3, subunit C Q99613 6.91E-02 -1.317 Other regulator 8663
eukaryotic translation translation
EIF3J initiation factor 3, subunit J 075822 1.10E-01 -1.508 Cytoplasm | regulator 8669
eukaryotic translation translation
EIF4A1 initiation factor 4A1 P60842 5.23E-01 -1.365 Cytoplasm | regulator 1973
eukaryotic translation translation
EIF4A2 initiation factor 4A2 Q14240 9.26E-01 -1.324 Cytoplasm | regulator 1974
eukaryotic translation
EIF4A3 initiation factor 4A3 P38919 5.69E-01 1.070 Nucleus enzyme 9775
eukaryotic translation translation
EIF4AG1 initiation factor 4 gamma, 1 Q04637 7.75E-02 -1.362 Cytoplasm | regulator 1981
FAU - P62861 9.75E-01 1.367 Other other
growth factor receptor-
GRB2 bound protein 2 P62993 7.83E-01 -1.772 Cytoplasm | other 2885
Plasma
INSR insulin receptor P06213 1.09E-01 1.132 Membrane | kinase 3643
Kirsten rat sarcoma viral
KRAS oncogene homolog P01116 2.72E-02 -2.425 Cytoplasm | enzyme 3845
neuroblastoma RAS viral Plasma
NRAS (v-ras) oncogene homolog P01111 1.33E-01 1.861 Membrane | enzyme 4893
poly(A) binding protein, translation
PABPC1 cytoplasmic 1 P11940 2.82E-03 -1.830 Cytoplasm | regulator 26986
protein phosphatase 1,
catalytic subunit, alpha
PPP1CA isozyme P62136 2.54E-01 -1.063 Cytoplasm | phosphatase | 5499
protein phosphatase 1,
catalytic subunit, gamma
PPP1CC isozyme P36873 1.01E-01 -7.742 Nucleus phosphatase | 5501
RPL3 - P39023 1.05E-03 1.289 Other other
RPL4 ribosomal protein L4 P36578 1.14E-02 -1.270 Cytoplasm | enzyme 6124
RPL5 ribosomal protein L5 P46777 3.61E-02 1.185 Cytoplasm | other 6125
RPL6 - Q02878 8.50E-01 1.030 Other other
transcription
RPL7 ribosomal protein L7 P18124 5.82E-01 1.054 Nucleus regulator 6129
RPL8 ribosomal protein L8 P62917 5.18E-01 1.114 Other other 6132
RPL9 - P32969 3.14E-01 1.224 Other other
RPL10 ribosomal protein L10 P27635 9.96E-01 1.007 Cytoplasm | other 6134
RPL11 ribosomal protein L11 P62913 2.45E-02 1.284 Cytoplasm | other 6135
RPL12 ribosomal protein L12 P30050 2.93E-01 1.411 Nucleus other 6136
RPL13 - P26373 5.94E-01 -1.034 Other other
RPL14 ribosomal protein L14 P50914 8.60E-01 -1.012 Cytoplasm | other 9045
RPL15 ribosomal protein L15 P61313 5.63E-01 1.034 Cytoplasm | other 6138
RPL17 ribosomal protein L17 P18621 6.78E-01 1.067 Cytoplasm | other 6139
RPL18 ribosomal protein L18 Q07020 6.01E-01 1.085 Cytoplasm | other 6141
RPL19 ribosomal protein L19 P84098 1.93E-01 -1.192 Cytoplasm | other 6143
RPL21 - P46778 2.18E-01 1.432 Other other
RPL22 ribosomal protein L22 P35268 2.65E-02 1.630 Nucleus other 6146
RPL23 ribosomal protein L23 P62829 3.78E-01 1.710 Cytoplasm | other 9349
RPL24 ribosomal protein L24 P83731 4.48E-01 -1.097 Cytoplasm | other 6152
RPL26 ribosomal protein L26 P61254 8.86E-01 1.055 Cytoplasm | other 6154
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RPL27 - P61353 1.06E-04 1.451 Other other
RPL28 - P46779 2.16E-01 1.467 Other other
RPL29 ribosomal protein L29 P47914 6.51E-01 -1.273 Cytoplasm | other 6159
RPL30 ribosomal protein L30 P62888 1.50E-01 1.519 Cytoplasm | other 6156
RPL31 ribosomal protein L31 P62899 4.68E-01 1.378 Cytoplasm | other 6160
RPL34 ribosomal protein L34 P49207 1.45E-01 1.210 Cytoplasm | other 6164
RPL35 ribosomal protein L35 P42766 6.92E-01 1.477 Cytoplasm | other 11224
RPL38 ribosomal protein L38 P63173 8.20E-01 1.223 Cytoplasm | other 6169
RPL10A ribosomal protein L10a P62906 6.17E-01 1.083 Nucleus other 4736
RPL13A ribosomal protein L13a P40429 1.75E-01 1.167 Cytoplasm | other 23521
RPL18A ribosomal protein L18a Q02543 3.71E-01 1.160 Cytoplasm | other 6142
RPL23A ribosomal protein L23a P62750 3.63E-02 1.485 Other other 6147
RPL27A - P46776 7.18E-02 1.211 Other other
RPL35A ribosomal protein L35a P18077 2.20E-03 2.404 Cytoplasm | other 6165
RPL36AL ribosomal protein L36a-like Q969Q0 3.04E-01 15.929 Cytoplasm | other 6166
RPL37A ribosomal protein L37a P61513 9.36E-01 1.123 Cytoplasm | other 6168
RPL7A - P62424 5.56E-01 1.059 Other other
RPLPO - P05388 7.19E-01 1.064 Other other
RPLP1 ribosomal protein, large, P1 | P05386 7.46E-01 1.318 Cytoplasm | other 6176
RPLP2 ribosomal protein, large, P2 | P05387 3.41E-01 2.003 Cytoplasm | other 6181
RPS2 - P15880 1.03E-04 -1.693 Other other
RPS3 ribosomal protein S3 P23396 7.09E-01 1.137 Cytoplasm | enzyme 6188
RPS5 ribosomal protein S5 P46782 3.79E-03 -1.586 Cytoplasm | other 6193
RPS6 ribosomal protein S6 P62753 1.35E-03 -1.511 Cytoplasm | other 6194
RPS7 ribosomal protein S7 P62081 1.27E-01 -1.272 Cytoplasm | other 6201
RPS8 - P62241 1.11E-02 -1.537 Other other
translation
RPS9 ribosomal protein S9 P46781 6.21E-02 -1.730 Cytoplasm | regulator 6203
RPS10 ribosomal protein S10 P46783 1.73E-01 -1.270 Cytoplasm | other 6204
RPS11 ribosomal protein S11 P62280 8.28E-01 1.036 Cytoplasm | other 6205
RPS12 - P25398 9.83E-01 1.640 Other other
RPS13 ribosomal protein S13 P62277 6.47E-01 1.025 Other other 6207
translation
RPS14 ribosomal protein S14 P62263 4.98E-01 1.352 Cytoplasm | regulator 6208
RPS16 ribosomal protein S16 P62249 8.84E-01 1.147 Cytoplasm | other 6217
RPS17 ribosomal protein S17 POCW22 2.87E-01 -1.237 Cytoplasm | other 6218
RPS18 ribosomal protein S18 P62269 3.38E-02 -1.405 Cytoplasm | other 6222
RPS19 - P39019 5.10E-01 -1.047 Other other
RPS20 ribosomal protein S20 P60866 9.69E-01 1.031 Cytoplasm | other 6224
RPS23 - P62266 4.27E-01 1.074 Other other
RPS24 ribosomal protein S24 P62847 5.03E-01 1.386 Cytoplasm | other 6229
RPS25 ribosomal protein S25 P62851 3.05E-01 -1.212 Cytoplasm | other 6230
RPS26 ribosomal protein S26 P62854 3.66E-01 1.537 Cytoplasm | other 6231
RPS27 ribosomal protein S27 P42677 3.33E-02 -1.328 Cytoplasm | other 6232
RPS28 ribosomal protein S28 P62857 3.78E-01 -1.274 Cytoplasm | other 6234
RPS15A ribosomal protein S15a P62244 9.93E-01 1.172 Cytoplasm | other 6210
RPS3A ribosomal protein S3A P61247 2.11E-01 -1.125 Nucleus other 6189
ribosomal protein S4, X-
RPS4X linked P62701 4.24E-03 -1.686 Cytoplasm | other 6191
translation
RPSA ribosomal protein SA P08865 4.88E-04 -1.844 Cytoplasm | regulator 3921
ubiquitin A-52 residue
ribosomal protein fusion
UBA52 product 1 P62987 4.52E-01 -1.043 Cytoplasm | enzyme 7311

Table 7-1 An example of the data Ingenuity uses to predict activation or inhibition of 1
protein. This table lists the TransOmics data that Ingenuity used to determine that elF2-a would be
activated. There are a total of 88 proteins used.
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Figure 7-9 Proteins involved in protein synthesis are down-regulated. Based on 55
quantifiable proteins from TransOmics, Ingenuity successfully determined that protein translation

+ve

would be reduced in galactose™* cells compared to glucose

controls despite activated Akt.
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